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THE RELATION OF DIPHOSPHOPYRIDINE NUCLEOTIDE AND 
CITRATE TO THE METABOLISM OF TESTOSTERONE BY 
LIVER TISSUE* 


By MAX L. SWEAT anv LEO T. SAMUELS 


(From the Department of Biological Chemistry, University of Utah School of Medicine, 
Salt Lake City) 


(Received for publication, February 24, 1948) 


In a previous paper (1) from this laboratory, evidence was given indicat- 
ing that the testosterone-destroying mechanism of liver involves an oxida- 
tive enzyme. The observation that certain enzyme inhibitors brought 
about only partial inhibition suggested that some substrate or carrier 
previously accumulated in the system beyond the points of inhibition was 
used in the testosterone destruction. In this paper evidence is given which 
strongly indicates that diphosphopyridine nucleotide (DPN) and citrate 
are involved in the destruction of testosterone by the liver. The end- 
products in the presence of added DPN are not the same as in the presence 
of added citrate. This agrees with the conclusions of Samuels and Pottner 
(2) that probably more than one step is involved in the destruction of 
testosterone by the liver. A number of other compounds associated with 
known metabolic systems have been tried, but have been ineffective. 


EXPERIMENTAL 


The tissue incubations and testosterone analysis were carried out ac- 
cording to the procedure of Samuels (3) and Samuels, MeCaulay, and Sel- 
lers (1) with the exception that the incubation flasks were aerated with 
oxygen immediately after the addition of tissue mince. The testosterone 
was determined spectrophotometrically with the 240 my absorption band 
caused by the a@,@-unsaturated ketone structure. The 17-ketosteroids 
were determined by the Callow modification of the Zimmermann reaction 
(4). The DPN, hexose diphosphate, and adenosine-3-phosphate were ob- 
tained from the Schwarz Laboratories, the adenosine-5-phosphate from 
the Ernst Bischoff Company. The oxalacetic acid was prepared from the 
sodium ethyl ester. The other cofactors were prepared as sodium salts 
from the corresponding acids. The buffer solution was the same as that 
used in previous studies (1). Most of the cofactors were added as sodium 
salts, the ionic balance of the buffer being maintained by leaving out a 
corresponding amount of sodium chloride. The buffer solution containing 


* This investigation was supported by grants from the Donner Foundation, Inc., 
Ciba Pharmaceutical Products. Ine., and the National Cancer Institute. 
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2 TESTOSTERONE METABOLISM BY LIVER 


the cofactor was used to wash the minced liver into the incubation flask, 
The flask was then filled with oxygen and placed in the incubation bath as 
rapidly as possible. Incubation was halted by boiling as in previous work 
and the analytical procedures then carried out. 


Results 


The various substances which have been tried, together with their effect 
on testosterone metabolism, are given in Table I. Of these substances, 


TABLe 
Rate of Destruction of Testosterone in Presence of Various Cofactors 


The results are expressed as micrograms per gm. per hr. 


| Fed rats Fasted rats 
Concen- | 
ot; 
| Rate with Rate without Rate with 
| cotactor cofactor cofactor 
Succinate... 0.05 {| 107 
0.005 103 125° 17 38 
Adenosine-3-phosphate 0.001 115 41 61 
Hexose diphosphate 0.005 143 39. 
Pyruvate... 0.05 119 126° 49 | 5I 
Glutamate 0.05 119 125* | 
Adenosine-5-phosphate 0.001 128 125” 
Calcium. . 0.001. 143 127* 
DPN | | 0.001 209 111* 153 49 
Citrate 0.001 269 Ba2* 236 49 
Glucose 0.1 125 120 


— 


In all incubation flasks 200 y of testosterone were introduced with approximately 
0.7 gm. of liver mince and 25 cc. of buffer solution. 

The final concentrations of ions in the buffer solution were as follows: KC! 0.0056 
uy MgCl. 0.0021 m, NaCl 0.08 m, NasHPO,-NaH,PO, buffer (pH 7.4) 0.04 a. 

* The buffer in these flasks also contained 0.1 per cent glucose. 


only DPN and citrate increased the rate of testosterone destruction signif- 
icantly. There is no correlation between the effect of these substances on 
oxygen uptake and their effect on testosterone destruction. The concen- 
trations of succinate used increased the oxygen uptake the most, but had 
little or no effect on the rate of testosterone metabolism. 

As our preparation of DPN was only 60 per cent pure, the question arose 
whether some other ingredient could not be the causative factor in increas- 
ing testosterone metabolism. Adenosine-5-phosphate is one of the main 
contaminants of this preparation. The addition of this substance, as seen 
in Table I, had no effect. 
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There was a marked difference between the products formed in the pres- 
ence of DPN and those in the presence of citrate. 17-Ketosteroids ap- 
peared to be the main products formed in the presence of DPN (Table I1). 
The addition of citrate, on the other hand, did not give rise to these sub- 
stances although the hormone was destroyed at a comparable rate. It 
would thus seem that the two compounds act in different ways on the 
metabolie¢ process. 

Destruction of testosterone was found to be decreased in the livers of rats 
fasted for 48 hours (Table If). Addition of DPN or citrate increased this 
rate bevond that of the livers of fed rats without such additions. Nico- 


Il 
Effect of Nicotinamide, DPN, and Citrate on Destruction of Testosterone by Liver 
Tissue of Fed and Fasted Rats 


The results are means of duplicate incubations, micrograms per gm. per hour. 


Rate with Rate without Difference due 
cofactor cofactor to cofactor 
ss | SS | 23 | 33 
| sé $3 | | 
| 1461 #8 | 
Fasted 48 hrs. Nicotinamide, 0.04 a4 64 | 38 26 
DVN, O.OOL w 197 | 112 49 0 148 | 112 
(Citrate, O.OOL 230 | 49 QO 186 Q) 
Fed Nicotinamide, 0.04 228 | 125 103 
DPN. O.OOL 20) | 70 111 0 OS 70 
Citrate, O.OOL M 269 | 0 111 0 158 0 


In all incubation flasks 200 y of testosterone were introduced with approximately 
0.7 gm. of liver mince and 25 ec. of buffer solution 


*17-Ketosteroids eatimated as androsterone. 


tinamide in O.OF wt concentration increased the rate in both types of liver, 
but as seen in Table II, the inerease was proportionate to the rate of de- 
struction with the bulfer solution alone. ‘The absolute increase in the livers 
from fasted rats was, therefore, much less. We are inclined to beheve that 
these observations can be explained in terms of inhibition of DPN-destroy- 
ing nucleotidases by nicotinamide as shown by Mann and Quastel (5) and 
Handler and Klein (6,7). If so, the smaller absolute influence of nicotina- 
mide on destruction of testosterone in the fasting liver would indicate that 
there was less DPN available. 
DISCUSSION 


DPN and citrate appear to be specifically utilized in the metabolism of 
testosterone. The products of metabolism when DPN ts incubated with 
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the hormone, however, are distinctly different from those formed in the 
presence of citrate. Whereas the presence of DPN gives rise to products 
of a 17-ketosteroid nature, those obtained in the presence of citrate do not 
appear to fall into this chemical grouping. 

The enhancing effect of DPN does not seem to be through its effect on 
increasing metabolism via the glycolytic and Krebs’ cycle, as direct addition 
of several important members of these cycles did not increase the rate of 
metabolism of the hormone. 

Citrate also appears to act directly. The evidence already cited in con- 
nection with DPN rules out a general effect through the Krebs’ cycle. Its 
influence, however, might also be due to its effect on calcium ion. Swingle, 
Axelrod, and Elvehjem (8) showed that calcium ions increased the destruc- 
tion of DPN, apparently through the nucleotidase system. However, cal- 
cium ion was ruled out as a primary factor both by the ineffectiveness of 
oxalate on testosterone metabolism and the small but insignificant accelera- 
tion in the destruction of the hormone produced by the addition of calcium 
ion. Citrate, therefore, must act in some yet unidentified way. 

The observations of Samuels and Pottner (2) that rat and chick liver 
differed in the metabolic pathways of testosterone destruction is in accord 
with these present experiments. The addition of DPN to rat liver results in 
the formation of products regularly found in large amounts in the presence 
of chick liver. The latter may have relatively larger amounts of coenzyme 
in proportion to the metabolic systems leading to the formation of sub- 
stances which are not 17-ketosteroids. Citrate would seem to accelerate a 
reaction similar to the non-17-ketosteroid phase. Whether DPN and 
citrate are involved in consecutive reactions or in two separate pathways, 
however, is not yet determined. 

The difference in the rate of metabolism of testosterone between livers 
from fasting and fed animals when incubated with nicotinamide is good 
evidence that DPN is a factor in the normal metabolism of testosterone. 
As Mann and Quastel (5) and Handler and Klein (6, 7) have shown, nico- 
tinamide and DPN are competitors for diphosphopyridine nucleotidase. 
By increasing the amount of nicotinamide, the DPN is thus protected for 
other systems. Further, the work of Handler and Klein (6,7) on the effect. 
of broken tissue cells in inactivating DPN may explain our previous inabil- 
ity to obtain active cell-free extracts (1). 


SUMMARY 


Evidence is presented that DPN and citrate are involved in the metabo- 
lism of testosterone by the liver. The products of the reaction in the pres- 
ence of DPN are largely 17-ketosteroids, while those in the presence of 
citrate are not. 
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THE SPECIFIC ESTERASE ACTIVITY OF CARBOXYPEPTIDASE 
By JOHN E. SNOKE, GEORGE W. SCHWERT, ann HANS NEURATH 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, March 11, 1948) 


lt was recently found that the proteolvtic enzymes trypsin (1) and 
chymotrypsin (2) possess specific esterase activity. In addition to catalyz- 
ing the hydrolysis of specific peptides (3-7), these enzymes also catalyze 
the hydrolysis of those esters which possess the structural environment of 
the specific peptides. In order to substantiate further the suggestion of 
Schwert ef al. (1) that the specific esterase activity is a general attribute of 
proteolytic enzymes, ester analogues of the specific peptide substrates for 
carboxypeptidase were prepared and the influence of the enzyme on these 
substrates Was investigated. ‘Two typical substrates for carboxypeptidase 
are (8) and chloroacetyl-L-phenyl- 
alanine (8, 9%). ‘hese substrates are enzymatically hydrolyzed to carbo- 
benzoxygiycine and L-phenylalanine in the case of the former substrate, 
and to chloroacetate and L-phenylalanine in the case of the latter. If 
carboxypeptidase is endowed with specific esterase activity, the ester ana- 
logues of the above substrates, 7.e. carbobenzoxyglycyl-8-phenyllactic acid 
and chloroacetyl-3-phenyllactie aeid,' should likewise be hydrolyzed under 
the influence of carboxypeptidase. 

The carbobenzexy group of carbobenzoxyglycyl-L-phenylalanine is re- 
quired, for it has been shown that carboxypeptidase will not act on sub- 
strates which contain a free amino group in close proximity to the 
susceptible peptide bond (8). However, it may be expected that some 


CHa, 
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‘Preliminary measurements have been carried out on a preparation of chloro- 
acetyl di-8-phenyllactic acid which resisted all attempts of crystallization and 
which, as an oil, gave a neutralization equivalent of 245 (theoretical 242.5). Hy- 
drolysis by carboxypeptidase followed zero order reaction kinetics but failed to 
proceed beyond 17 per cent completion. For this reason, these results have to be 
considered tu be tentative. 
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other substituent group which masks the basicity of the amino group will 
serve as well. For convenience, the benzoyl derivative of glycyl-8-phenyl- 
lactic acid was prepared (hippuryl-8-phenyllactic acid) instead of the corre- 
sponding carbobenzoxy derivative. As it has been shown (10) that the 
racemate of carbobenzoxyglycylphenylalanine is as suitable for kinetic 
studies as the L isomer, the substrate used in the present investigation was 
the racemic form of hippuryl-8-phenyllactic acid, the structure of which is 
given above. 

This ester is readily hydrolyzed in the presence of carboxypeptidase. 
The results of quantitative kinetic studies are presented in this paper. 


EXPERIMENTAL 


Substrate, Hippuryl-dl-3-phenyllactic acid (HPLA)—TVhe starting mate- 
rials were hippury! chloride and ¢/-3-phenyllactic acid. The preparation of 
hippury! chloride was carried out as deseribed by Fischer (11), while that 
of dl-8-phenyllactic acid was carried out according to the directions of 
Dakin and Dudley (12). The dl-8-phenyllactie acid was purified by re- 
crystallization from hot water. A mixture of 5.3 gm. of hippuryl chloride, 
4.5 gm. of dl-8-phenyllactic acid, and 50 ec. of dry toluene was refluxed for 
a period of 1 hour under anhydrous conditions. Upon being cooled, an 
orange gummy mass separated from the solvent which was then poured off. 
The reaction product was extracted with ether and the solvent was removed 
by concentration zn vacuo to yield an orange oil. The oil was taken up in 
a hot ethanol-water mixture and treated with norit to yield a pale yellow 
solution. Upon concentration in vacuo, an oil resulted which erystallized 
on standing in the cold. The product was recrystallized from hot toluene, 
collected, and washed with a small amount of ether. Yield, 2.0 gm.; m.p., 
121.5-122.5°. 

(327.3). Calculated. C 66.0, 


5.24, N 4.28 
Found. 5.21 


6.21, 


Methods—Enzymatic measurements were carried out at 25° in the pres- 
ence of 0.01 mM phosphate buffer and 0.025 m LiCl. The substrate was 
weighed out before each experiment, and then neutralized to pH 7.5 by 
careful addition of 0.1 N NaOH. Buffer, LiCl solution, and water were 
added so that after the addition of the enzyme solution the total volume 
of the system would be 10 cc. The course of the reaction was followed by 
direct electrometric titration as previously described (1). Enzyme solu- 
tions were made up daily from a stock solution containing about 0.3 to 0.5 
mg. of enzyme nitrogen per ec. The stock solution was prepared about 
every 3rd day from a stock suspension of crystals (10). Enzyme nitrogen 
concentrations were determined with the semimicro-Kjeldahl method. 
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Results 
At pH 7.5, HPLA is rapidly hydrolyzed in the presence of small amounts 
of carboxypeptidase. (Quantitative measurements revealed that the rate 
of hydrolysis follows zero order kinetics up to 80 per cent of the initial 
concentration of the enzymatically susceptible isomer of HPLA present in 
solutions of the dl substrate. Representative data for the hydrolysis of 
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Fic. 1. Hydrolysis of HPLA by various concentrations of carboxypeptidase as 
measured by electrometrie titration in 0.01 mM phosphate buffer, 0.025 m LiCl, pH 
7.50 at 25°. The initial concentration of d/-HPLA in all three systems was 0.010 m. 
The amount of carboxypeptidase N in mg. present in these systems (final volume 
10 ec.) is shown by the following: O 0.00500, @ 0.00500, I} 0.00375, A 0.00250, 
A 0.00125, OC 0.000625. The inset graph indicates the linear relationship between the 
rate of hydrolysis of HPLA and the amount of carboxypeptidase present. 


0.01 m solution of d/-IIPLA by five different concentrations of carboxy- 
peptidase, varied over an 8-fold range, are given in Fig. 1. The precision 
of the analytical method is evidenced by the close fit of the points obtained 
in duplicate experiments at the highest enzyme concentration. The inset 
graph of Fig. | demonstrates that the rate of hydrolysis is proportional to 
the enzyme concentration in the system. 

Although careful examination of the analytical data excluded rates other 
than that of zero order, 2» dependence of the rate constant on initial sub- 
strate concentration became apparent. Representative data are given in 
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Fig. 2, in which the titration data for four different initial substrate concen- 
trations at a constant enzyme concentration of 2.56 & 107-4 mg. of N per 
ec. are plotted according to zero order kinetics. The rate of hydrolysis, 
represented by the slope of the linear portion of the curves, is highest for 
the lowest initial substrate concentration and decreases with increasing 
substrate concentration as shown in the inset graph of Fig. 2. The sub- 
strate concentration dependence of the reaction constant decreases mark- 
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Fic. 2. Dependence of hydrolysis of HPLA on initial substrate coneentration in 


0.01 m phosphate buffer, 0.025 m LiCl, pH 7.50 at 25°. The amount of ear 
boxypeptidase N in mg. present in these systems (final volume 10 ce.) was (125) 
The initial concentration of dl-HPLA is shown by the following: 0.010 
@ 0.015 m,O0.020m. The inset graph indicates the relationship between the rate of 


hydrolysis of HPLA and the initial econeentration of HPLA. 


edly with increasing substrate concentration and appears to vanish near 
0.02 dl-HPLA. 

In view of the inhibition of carboxypeptidase activity toward ecarbo- 
benzoxyglycyl-t-phenylalanine by chloroacetate (8, 9) and by p-phenyl- 
alanine (13), the influence of these two compounds as well as that of ¢/- 
phenyllactic acid on the hydrolysis of HPLA was investigated. No 
measurable effect was noted when 0.007 mM sodium chloroacetate was added 
to the enzyme-substrate system containing 0.01 Mm d/-HPLA. The ad fi 
tions of 0.01 mM pL-phenylalanine and of 0.01 mM d/-phenyllactic acid to the 
same system decreased the zero rate of hydrolysis by, respect ively, oS and 
17 per cent. A more detailed study of the inhibition by these two com. 


| 
| 
Minutes 


J. E. 83NOKE, G. W. SCHWERT, AND H. NEURATH 1] 


pounds will be deferred until analogous experiments on their influence on 
the hydrolysis of carbobenzoxyglycyl-L-phenylalanine have been completed.* 

The enzymatic specificity of the hydrolysis of HPLA was ascertained by 
the exclusion of a measurable extent of spontaneous hydrolysis of this ester 
in the buffer system used, and by measurements of the effects of other 
pancreatic proteolytic enzymes. Of the latter, crystalline ribonuclease* 
(0.3 mg. per ee.) and crystalline trypsin‘ (0.1 mg. of N per cc.) had no 
measurable effects. Crystalline chymotrypsin‘ caused a slow hydrolysis, 
the rate per mg. of enzyme N per cc. being about 0.CC05 of that produced 
by carboxypeptidase, 7.c. 6.2 * 10-7 mole per minute per mg. of enzyme 
N for chymotrypsin compared to 1.2 & 167% for carboxypeptidase. 


DISCUSSION 


The present experimental data provide evidence that carboxypeptidase 
is capable of catalyzing the hydrolysis of a specific ester. The chemical 
structure of the substrate is such as to allow only one interpretation for 
the liberation of titratable acid during enzymatic hydrolysis, namely the 
splitting of the ester bond, since carboxypeptidase is incapable of hydrolyz- 
ing the secondary peptide bond of carbobenzoxyglycyl-L-phenylalanine (4). 

The observed zero order kinetics for the enzymatic hydrolysis of HPLA 
is in accord with analogous data for the specific esterase activity of trypsin 
(1). ‘This may be aseribed in both cases to full saturation of the enzyme 
by the substrate, the rate-determining step apparently being that of the 
activation on the enzyme surface. With both enzymes, too, the hydrolysis 
of the corresponding peptide apparently follows first order kineties (4, 14). 
However, in the present case, the dependence of the rate of ester hydrolysis 
on initial substrate concentration requires consideration. It has been found 
that the apparent first order reaction constants for the hydrolysis of carbo- 
benzoxyvglyeyl-pL-phenylalanine by carboxypeptidase (13) and for the 
hydrolysis of specitic peptides and esters by chymotrypsin (2) decrease with 
increasing substrate concentration. This dependence of first order reac- 
tion constants upon substrate concentration can be accounted for by the 
shift of equilibrium between combined and free enzyme with changing sub- 
strate concentration. However, as would be expected, the mitial reaction 
velocity Increases with increasing substrate concentration. 

The same explanation cannot apply to the observed decrease of the re- 
action constant of ester hydrolysis with increasing substrate concentration. 
Since the ester hydrolysis follows zero order kinetics, the initial velocity, 

aud Neurath, H., manuscript in preparation. 

>We are indebted to Dr. Lawrence L. Lachat, Armour and Company, Chicago, for 


the ribonuclease, erystallized from alcohol, used in this experiment. 
‘The preparation was the same as that deseribed in a previous publication (1) 
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as well as the rate constant, decreases with increasing substrate concen- 
tration. Nor can incomplete dissociation of HPLA or of the reaction prod- | 
ucts at the pH of the electrometric titrations (pH 7.5) aceount for this | 
effect. Electrostatic interactions between enzymes and substrate may 
conceivably be considered and will be evaluated in further experiments. 

Because of the difference in order of the reaction rates, strict comparison 
of the specific esterase and peptidase activities of carboxypeptidase is diffi- 
cult. Further limitations of such a comparison arise from the large and 
oppositely directed dependence of the hydrolysis rates of peptide and ester 
upon substrate concentration. 

The specific ester substrates for trypsin and chymotrypsin that have so 
far been tested are limited to those which contain a terminal methyl or 
ethyl group. Although these esters are structural analogues of specific 
amide substrates for trypsin and chymotrypsin, it is doubtful that amides 
of this type occur in native proteins. The hydrolysis of HPLA by carboxy- 
peptidase is a more convincing proof for the inability of proteolytic enzymes 
: to differentiate between peptide and ester bonds, since N-substituted gly- 
cylphenylalanine is a natural substrate for carboxypeptidase and HPLA a 
true analogue thereof. 


This work has been supported by grants from the Rockefeller Founda- 
ticn, from the National Institute of Health, the United States Public Health 
Service, and from the Duke University Research Council. 


SUMMARY 


Crystalline carboxypeptidase exhibits esterase activity toward an ester 
analogue of a specific peptide substrate. Hippuryl-8-phenyllactic acid 
(HPLA) is hydrolyzed at a fast rate according to zero order kinetics. 
Quantitative studies on HPLA, including the effects of enzyme and sub- 
strate concentrations, are described. 

The synthesis of hippuryl-d/-8-phenyllactic acid is described. 
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STUDIES ON THE HEAT INACTIVATION OF LYSINE IN SOY 
BEAN OIL MEAL* 


By ROBERT JOUN EVANS ano HELEN A. BUTTS 


(From the Department of Agricultural Chemistry, Michigan State College, East Lansing) 
Received for publication, March 22, 1948) 


The early literature demonstrating the loss in nutritive value of proteins 
resulting from heat treatment has been reviewed by MeCollum, Orent- 
Keiles, and Day (1). Greaves and coworkers (2, 3) observed that lysine 
supplementation improved the nutritive value of heat-treated casein but 
not of raw casein for rats. Waisman and Elvehjem (4) made similar ob- 
servations with autoclaved edestin, and Block ef a/. (5) with a cooked cake 
mixture. Block, Jones, and Gersdortf (6) isolated equal amounts of lysine 
from acid hydrolysates of heated and unheated casein. Zittle and Eldred 
7), using a specific L-lysine decarboxylase to determine lysine, confirmed 
the results of Block ef al. (6). Mitchell and Block (8) found no destruction 
of lysine to result from pelleting and exploding an oat-corn-rye mixture, a 
process which lowered the nutritive value of the proteins. Dry heat treat- 
ment of proteins appears to bind lysine in such a manner that it cannot be 
utilized by the animal. Aeid hydrolysis, but not digestion 27 vive, frees 
the ivsine so that it ean be utilized. This is supported by the observation 
of Seegers and Mattill (9) that, although heat treatment lowered the nu- 
iritive value of beef liver for rats, the acid-hydrolyzed liver supplemented 
with tryptophan supported growth comparable to that obtained with 
unheated liver. 

\utoclaving soy bean oil meal at high temperatures or for long periods 
of time decreases the availability of the lvsine for growing chicks (10, 11) 
and turkey poults (12). Part of this loss of availability is due to actual 
destruction of lysine as determined by microbiological assay on the acid- 
hydrolyzed SOV bean oil meal (13, 14). 

Two types of heat inactivation of lysine apparently take place, one a 
destruction of the lysine, and the other a binding of the lysine in some form 
such that it is not liberated by digestion zn rvo or by enzyme hydrolysis 
in vitro bat is liberated by acid hydrolysis. Evans and McGinnis (14) 
observed that, of the lysine not destroyed by autoclaving soy bean oil meal 
at 130° for 60 minutes, only 5 per cent was made available by enzyme di- 
vestion tn vitro. It was the purpose of this investigation to study further 
the two types of heat inactivation of lysine occurring during the autoclav- 
ing of soy bean oil meal. 

* Published with the approval of the Director of the Michigan Agricultural Experi 
ment Station as Journal article No. 954 (new series) 
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EXPERIMENTAL 


A preliminary experiment was conducted in which 20 gm. portions of 
solvent-extracted soy bean oil meal,'! soy bean protein,? or sucrose*® were 
autoclaved for 4 hours at 15 pounds pressure both with and without addi- 
tions of 0.1 gm. of L-lysine hydrochloride, 0.1 gm. of pL-methionine,’ and 
0.05 gm. of L-cystine. A mixture of the three amino acids was also auto- 
claved without any other material. 

10 gm. portions of soy bean oil meal,' soy bean protein,? sucrose, or soy 
bean protein (8 gm.) plus sucrose (2 gm.) were used in the experiment 
reported in this paper. Portions of soy bean oil meal and soy bean protein 
were autoclaved or heated in a drying oven for 4 hours at 121° both with 
and without additions of 0.50 gm. of pi-lysine hydrochloride.’ One por- 
tion of soy bean protein was autoclaved for 15 minutes. The samples of 
sucrose plus soy bean protein were autoclaved for 4 hours with and without 
the addition of 0.50 gm. of pi-lysine hydrochloride. 

Lysine was determined on the above samples by microbiological assay 
with Leuconostoc mesenteroides with a medium similar to that described by 
Sauberlich and Baumann (15). Acid hydrolysates of the materials were 
prepared by autoclaving 1.0 gm. with 20 ml. of 20 per cent hydrochloric 
acid for 8 hours at 15 pounds pressure. Jn vitro enzyme (trypsin + erep- 
sin) digests of the materials were prepared on 1.0 gm. samples, as described 
by Evans (16). When the sucrose and sucrose plus lysine samples were 
autoclaved they took up water, becoming syrupy. The samples were 
dissolved in water and diluted to a volume of 100 ml. 10 ml. aliquots were 
used for the acid hydrolysis of the samples and concentrated hydrochloric 
acid was added to give a solution of 20 per cent HCl. 10 ml. aliquots were 
also used for the enzyme digestion studies, the 10 ml. replacing an equal 
volume of water in the digestion mixture. 


Results 


No destruction of L-lysine hydrochloride took place when it was auto- 
claved for 4 hours with methionine and cystine in the preliminary experi- 
ment. Lysine autoclaved with soy bean oil meal was 67 per cent de- 
stroved and 7 per cent converted to a form from which biologically active 
lysine was freed by acid hydrolysis but not by enzymic digestion im vitro. 
Lysine added to sucrose was completely destroyed by autoclaving, whereas 


‘Commercial solvent-extracted soy bean oil meal furnished by Professor J. A. 
Davidson of the Department of Poultry Husbandry. 

2 “Alpha’’ protein furnished by The Glidden Company, Chicago. 

’ Commercial beet sugar. 

4pt-Methionine and pi-lysine monohydrochloride were furnished by The Dow 
Chemical Company, Midland, Michigan. 
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33 per cent of that added to soy bean protein was destroyed and 23 per cent 
bound in a form from which biologically active lysine was not freed by 
enzymic digestion tn vitro. 

The results of the principal experiment are presented in Tables I and IT. 
Soy bean oil meal was changed by autoclaving from a golden colored 
material toa dark brown. 43 per cent of the lysine present in the meal was 
destroyed by autoclaving, and 61 per cent less lysine was lhberated by 
enzymic digestion zn vifre from the autoclaved than from the unautoclaved 


TABLE 
Influence of Heat Treatment of Soy Bean Protein or Soy Bean Oil Meal on Inactivation 
of Lysine in Protein 

10 gin. portions of the materials were autoclaved or heated in a drying oven at 
121° for 4 hours for the heat treatment. Decreases in the lysine content of the soy 
bean materials as determined on the acid hydrolvsate after heat treatment are con- 
sidered to be due to destruction of lvsine; those determined on the enzymic hydroly- 
sate as due to inactivation, including destruction. 


Acid hydrolysis Enzyme hydrolysis 


Soy bean product Heat treatment 
Lysine _Lysine Lysine Lysine in- 
content destroyed content | activated 
per cent OM, per coms Cont of 

Oil meal None 2.69 0 1.28 . 0 
Autoclaved, 4 hrs. 1.53 43 ~—0.50 61 

Dry heat, 4 hrs. 2.69 Q) 1.28 0 

Protein None 4.65 0 3.07 0 
Autoclaved, 15 min. 4.67 0 3.08 0 

| " 4 hrs. 4.52 3 2.14 30 

_ Dry heat, 4 hrs. 4.64 ) 2.77 10 

Protein + sucrose} | Autoclaved, 4 hrs. 2.46$ 47 0.50 S4 


* Total lysine is considered to be the lysine content of the unheated material 
determined after acid hydrolysis. 

t Total lysine is considered to be the lysine content of the unheated material 
determined after enzyme hydrolysis. 

¢ 8.0 gm. of soy bean protein and 2.0 gm. of sucrose. 

§ Lysine content in the soy bean protein. 


meal. Autoclaving destroyed 37 per cent of the added pL-lysine hydro- 
chloride and converted another 22 per cent of it to a form from which 
biologically active lysine was freed by acid but not by enzymic digestion. 
Dry heat did not affect the lysine in the soy bean oil meal but destroyed 
10 per cent and inactivated an additional 32 per cent of the added lysine. 
The color of the meal was little affected by the dry heat treatment. 

The soy bean protein was converted by autoclaving from a white to a 
golden brown product. Little destruction of the lysine in the protein 
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occurred, but 30 per cent less lysine was liberated from the autoclaved 
protein than from the unautoclaved by enzymic digestion in vitro. Of the 
added lysine, 7 per cent was destroyed and 24 per cent more was inactivated 
by autoclaving. Dry heat had little effect on the soy bean protein or on 
the lysine added to it. 

When sucrose was autoclaved with pi-lysine hydrochloride, a black 
syrupy mass was obtained, which on dissolving in water had the color of 
crude molasses. All of the added lysine was destroyed. 

Autoclaving a mixture of 20 per cent sucrose and 80 per cent soy bean 
protein produced a chocolate-brown product darker in color than the auto- 
claved soy bean oil meal. 47 per cent of the soy bean Ivsine was destroyed, 
and 84 per cent less lysine was liberated from the autoclaved than from 
the unautoclaved soy bean protein by enzymic hydrolysis 77 vifro. 56 per 
cent of the added lysine was destroyed and 19 per cent more was inacti- 
vated. 


DISCUSSION 


Lysine is made biologically inactive in two different ways when a complex 
material such as soy bean oil meal is subjected to sufficiently drastic heat 
treatment. Part of the lysine is destroyed; that is, it is converted to « 
substance which is not biologically active for Leuconostoc mesenteroides 
after acid hydrolysis. Part of the lysine is converted to a form resistant to 
enzymic digestion in but active for Leuconostoc mesenteroides alter 
acid hydrolysis. Block ef al. (5) postulated the latter reaction to be om 
between the free carboxyl group of the dicarboxylic amino acids and the 
e-amino group of lysine to form a new peptide linkage resistant to enzymic 
but not to acid hydrolysis. 

Further evidence for the two types of lysine inactivation is presented in 
the present paper. Destruction of lysine was apparently most influenced 
by the sucrose present. Autoclaving pL-lysine hydrochloride with sucrose 
resulted in complete destruction of the lysine. The addition of sucrose 
to soy bean protein to give a 20 per cent level of sucrose increased the de- 
struction of the lysine (both that contained in the protein and that added 
as DL-lvsine hydrochloride) from about 5 per cent to about 5O per cent. 
Sucrose is the principal carbohydrate in soy bean oil meal, comprising © 
per cent of the meal and 27 per cent of the total carbohydrates (17). Sov 
bean oil meal contains 22 per cent carbohydrates but no reducing sugars 
(17). Stevens and McGinnis (18) observed that autoclaving lysine with 
cerelose (primarily glucose) for 4 hours rendered it unavailable for chick 
growth. This was probably caused by the destruction of lysine. 

When no carbohydrate was present, the principal result of autoclaving 
soy bean protein was to convert the lysine to a form that was not made 
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biologically active by enzyme digestion 1n vitro but was activated by acid 
hydrolysis This could be caused by the mechanism postulated by Block 
et al. (9 Little destruction of lysine occurred in the absence of carbohy- 
drate. 

Diy heat had little or no effect on the availability of the lysine contained 
in soy bean oi! meal or soy bean protein (10 per cent inactivated). Dry 
heat inactivated 42 per cent of the pi-lysine hydrochloride added to soy 
bean oil meal, of which 10 per cent was destroyed, but had little effect on 
that added to soy bean protein. Apparently carbohydrate or some other 
constituents of the soy bean oil meal increased the magnitude of dry heat 


I] 
Injluence of Heat Treatment of Lysine in Presence of Soy Bean Otl Meal 
or Constitceits on Inactivation of Adced Lysine 
10 gm. portions of the soy bean oil meal, soy bean protein, or sucrose were used. 
Ly sine was added at a level of 500 mg. of DL ly sine hvydroch!oride (2.0 ig. of L-lysine 


hvdroch’orid Phe samples were heated as indicated for 4 hours at 121°. 
Acid hydrolysis Eknzyme hydrolysis 
Lysine 
inacti, ated 
ry Added Added Lysine but not 
lysine lysine in destroyed 
recovereag activatecG 


per cent m per cent per cent 


Soy bern on mea Lutoelaved 157 102 22 
Drv heat 224 10 | 146 ue 

proteiw Autoclaved | 7 173 31 24 

Dry heat 238 | 4 235 

Sucrose Autoclaved 0 100 13 05 0 
Sov bean protei ri 110 56 63 79 19 

sucrose * 
*s (}om. of soy bean protein and 2.0 in. of sucrose. 


Inactivation and destruction. The dry heat treatment used by other 
Investigators was much more drastic than that employed here. 

That free pi-lvsine hydrochloride may be more readily inactivated or 
| han the lysine combined in protein form is indicated by the 
data. Dev heat destroyed 10 per cent of the lysine added to soy bean oil 

and inactivated 32 per cent more but did not influence the lysine 
combined in the sov bean oil meal protein. 

A comparison of the results of the preliminary experiment with the data 
presented in Table Il indicates that the amount of destruction of added 
lvsine depends to some extent on the relative amounts of added lysine and 
the soy bean material it is added to. A greater proportion of the added 
lysine was destroyed in the preliminary experiment in which the ratio of 
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L-lysine hydrochloride to soy bean product was 1:200 than in the experi- 
ment reported in Table II in which the ratio was 1:40. 


SUMMARY 


Two types of heat inactivation of lysine were observed when soy bean 
oil meal was autoclaved for 4 hours. Approximately 40 per cent of the 
lysine, both that present in the soy bean oil meal and that added as pL- 
lysine hydrochloride, was destroyed. 60 per cent less lysine was liberated 
by enzymic digestion zn vitro from the autoclaved than from the unauto- 
claved meal. 20 per cent of the added lysine was converted to a form from 
which active lysine was freed by acid but not by enzyme hydrolysis in vitro. 

Sucrose Was apparently the cause of most of the lysine destruction which 
occurred when soy bean oil meal was autoclaved. Very little loss of lysine 
occurred when soy bean protein was autoclaved in the absence of this 
sugar, but approximately 25 per cent of the lysine was converted to a form 
from which biologically active lysine was liberated by acid but not by en- 
zyme hydrolysis in vi/ro. The addition of 20 per cent sucrose to the soy 
bean protein resulted in a 50 per cent destruction of the Ivsine by auto- 
claving. 

Dry heat treatment did not destroy or inactivate nearly as much lysine 
as autoclaving did at the same temperature for the same time. 
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STUDIES ON CAROTENOID METABOLISM 


IX. CONVERSION OF CAROTENE TO VITAMIN A IN THE 
HYPOTHYROID RAT* 


By CATHERINE FE. WIESE, JOHN W. MEHL, ann HARRY J. DEUEL, Jr. 


(From the Department of Biochemistry and Nutrition, University of Southern California 
School of Medicine, Los Angeles) 


(Received for publication, March 22, 1948) 


In the past 20 years, considerable data have been reported concerning 
thyroid function and carotene metabolism. Von Noorden (1) in 1907 was 
the first to suggest that a carotenemia may be associated with certain 
metabolic disturbances. IXunde (2) noted the appearance of xeroph- 
thalmia in rabbits which had been thyroidectomized for 8 to 12 months. 
Fasold arid Heidemann (3) reported that thyroidectomy in goats decreased 
the vitamin A content of the milk and increased the carotene content. 
That the thyroid is necessary for the conversion of carotene to vitamin A 
is maintained by Wendt (4), who noted that patients with Graves’ disease 
had low serum vitamin A, even though their carotene intake was suffi- 
cient to produce a normal value. The subject has been reviewed rather 
completely by Drill (5) in 1943. 

Recently, Canadell and Valdecasas (6) reported that carotene was unable 
to relieve the ocular symptoms of a vitamin A deficiency in a thiouracil- 
treated animal. However, these symptoms were alleviated if thyroid 
powder was administered along with carotene. Drill and Truant (7), 
using thvroidectomized animals, could not prevent or alleviate ocular 
symptoms by injecting 10 y of carotene per day. ‘To study the effect of 
the thyroid on carotenoid metabolism, Johnson and Baumann (8) used 
thiourea- and thiouracil-treated rats and found that after administering 
‘arotene very little vitamin A was stored in the liver and that thyroxine 
restored the ability of these animals to convert carotene to vitamin A. 
However, Remington e¢/ al. (9) reported that an oral dose of 0.6 y of caro- 
tene per day was able to bring about a cure of the eye symptoms of vitamin 
A-deficient thyroidectomized rats within 7 to 9 days. 

In a preliminary report by the authors (10) no significant effect of thy- 
roxine on the conversion of carotene to vitamin A could be established. 
This was shown by administering carotene to thiouracil-treated vitamin A- 

* These data are from a thesis presented by Catherine I. Wiese to the Graduate 
School of the University of Southern California in partial fulfilment of the require- 
ments for the degree of Master of Science. 

Aided by a grant from the Nutrition Foundation. 
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TABLE I 
Summary of Bioassays on Vitamin A-Deficient Rats Receiving Vilamin A in 
Cottonseed Oil or Cottonseed Oil Alone (Negative Controls) on Normal 
Vilamin A-Deficient Diet or on One Containing Thiouraci! 
The average results on males and females are weighted equally. When animals 
died during the course of the experiments, the number of animals still s live which are 
included in 1 the average is given in parentheses. 


| 


| ar 
| | No. of | Depletion period | Assay period : 
Group» min A | verage increase in y weight up 
No. | ner | 3 | to (days 3 
| 2] (58) 5S) sth | toch | tsth | | 25th | | 
> | > = 
| | | | | 
Regular vitamin A depletion diet 
| em | days | cm. um cm | com gm. | gm cm 
1 | 1.25, 4 | 8 (42.3) 22 480.6 7 8.1) 15.8) 20.3) 30.1; 31.6121.6) 12.9 
| | | | (11) 
2 | 2.4.3 143.) 25. “los 3) 6.8) 19.9, 30.9) 41.2; 46.8 50.5 144.8) 13.1 
3 10.0; 4; 8 |42.8 24. 0 11.6 25.8 44.5) 55.7\ 66.3 70.6162.0. 10.0 
| | | | | 
4 0.0 4:9 (41.1 24. 692.9 —3.7—-4.5 —9.2 —15.8 —21.3 —24 
| | | (12) |(10) | () 


Vitamin A depletion diet containing 0.5°, thiouraeil 


5 | 0.754! 4 13.1 22 0.3 0.7) —0.2 67.0 87.5 


| | (3) 
G6 | 1.2518 7 | 43.4 22.270 6 —1.4 0.14 —0.5 70.7 93.6 
| | | | | (l4 
7 2 00 \4.4 22.7 74.6 2.0) 5.9 81.5 
| | | (22) | ad) | (at 
8 9.00; 7 7 42.0 23.070.7; 1.6) 4.4) 5.1 5.1 7.4 6.5; 77.2 
9 0.0/7 7 |43.1/23.974.6] 2.1! 3.9] 5.3} 6.2) 6.8) 81.4) 77.5 
10 20.0 | 7! 8 42.3124.2,71.5| 1.6] 4.7] 4.3 4.3 8.2 7.4 79.2 
| 
ll | 8 43.5 7.0 (.2-12.4 61.6, 70.2 
| | 4 10 Lf 
* Continued for a second 28 day period as Group 7a on 2.51.0. of vitamin A per 


day but given H5% of thyroxine per 100 gm. of body weight datls 

t Continued for a second 28 day period as Group Sa with the sanv 
vitamin A daily. 

t Continued for a second 28 day period as Group 19a with the vitamin A dos: 
raised to 200 1.u. daily. 


deficient rats and by measuring the resulting storage «2 vitamin A in the 


liver. However, there remained the possibility of impaired utilization ot 
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vitamin A formed from curotene. 
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The following experiment was designed 


to demonstrate the lowest level of carotene and vitamin A which would 
support growth in a thiouracil-treated animal and the level which would 


give maximum growth. 


II 
Summary of Bioassays on Vitamin A-Deficient Rats Receiving B-Carotene in 
Cottonseed Oil or Cottonseed Oil Alone (Negative Controls) on Normal 
Vitamin A-Deficient Diet or on One Containing Thiouracil 
The average results on males and females are weighted equally. When animals 
died during the course of the experiments, the number of animals still alive which are 
included in the average is given in parentheses. 


| 
No. of | Depletion period | Assay period 
| Caro- weight 
Group __tene Average increase in body weight up to per 
rr 
Fo | weight 
Sis is" Sth | 10th | 1Sth | 20th 25th 28th | 
Regular vitamin A-deficient diet 
un. | days | gem. | gm. gm. | gm. gm. gm. gm. gm. meg. 


12 | 0.5| 8/3 43.5 21.479.1) 1.7) 7.5) 14.2} 22.8] 29.1 | 29.5)107.9 
| ao) | ao) ao) 

6/5 44.1 /21.382.8, 6.5) 18.6 29.8) 43.4, 52.3) 55.7/138.3 
7 


13 1.0 | 
144 | 0.0/3! 6 45.6 22.786.9—-1.6 —3.0—-6.1 —6.6 —13.8 —14.0 88.7) 17.5 
Vitamin A depletion diet containing 0.5% thiouracil 
15 OS 6 5 42.6 20.168.5 -1.2 —2.6—-3.9 —3.9 —4.7) —4.1) 64.6) 98.5 
(8) } (| @ 
16 1.0 6 4 42.8 22.068.1/-0.2 1.6 2.2) 4.0) 4.6 5.0) 73.1 
17 | 2.0! 6 3 | 43.1/21.7168:9| 1.8; 2.2) 3.0; 3.8 5.7) 6.4) 75.3 
IS 0.0 4 6 42.1 21.667.2 —2.5 —5.0\—7.3) —3.6) —7.2'/—11.6| 53.6) 92.3 
(7); () ()} @) 


Procedure and Results 


Animals from our stock colony for use in the vitamin A bioassay were 
weaned and depleted of vitamin A according to the method prescribed in 
the United States Pharmacopoeia XII. Hypothyroid symptoms were pro- 
duced in part of the group by the administration of 0.5 per cent thioura- 
cil’ in their diet from weaning. Thiouracil was continued in their diet 


'! We wish to thank che Lederle Laboratories Division, American Cyanamid Com- 
panv, Pearl River, New York, for their gift of thiouracil used in this experiment. 
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until the experiment was terminated. Animals were supplemented daily 
with levels of 0.5, 1.0, and 2.0 y of carotene? dissolved in cottonseed oil or 
levels of 0.75, 1.25, 25 5.0, 10.0, and 20.0 1.0. of vitamin A acetate’ dis. 
solved in cottonseed oil. After 28 days on the assay, the vitamin A sup. 
plement in the group of thiouracil-treated rats receiving 20 1.0. daily was 
increased to 200 1.0. daily for another 28 days; those on 5.0 1.0. were con- 
tinued as such for a second 28 day period; and those receiving 2.5 ner. 
were Injected daily with 6.5 y of thyroxine per 100 gm. of body weight 
during a second 28 day interval. The thyroid glands of each rat were 
removed and weighed when the itasay terminated, The data tained in 


Summary of Broassays on Vitamin A-Deficient Rats Previously an 28 Day 
Bioassay Test, Receiving Vitamin A in Cottonseed Ot! and (Group 7a 
Also Thyroxine 
The vitamin A depletion diet in the previous and current tests contains 0.5 
per cent thiouracil. 
The average results on males and females are weighted equally. When animals 
died during the course of the experiments, the number of animals still alive which are 
included in the average is given in parentheses. 


Vitamin A dose No. of 
per day rats Aver- POTION Phyroid 
age weight 
(sroup Bn, | per 
Start- | Average increase in body welght up 

No. | ing é verage rease in y We Lim uy Ay er 100 gm. 
First ‘Present| 95 (days) age body 
period | test >n final | weight 

- Sth | 10th | 1Sth 20th 25th | 28th [weight 
gm. | gm. | gm. | gm. om gm. cm. | meg 
62.90 2.00'6.5 7 4 8.5; 17.5) 28.5) 41.5) 51.4) 55.1/1386.6 19.8 
Sa | 5.00; 5.00'0.0 7 7. 0.8] 1.6! 2.8! 3.0) 77.9! 119.6 
| | 


(12) |(12) (11) 
10a 20.0 (200.0/0.0 6 7 79.2;\—2.3) 1.5 2.9) 4.4! 5.8 6.6 89.4) 102.1 
| | (12) {(11) |(11) |(10) | (10) 


the growth tests are recorded in Tables I to III. The weight gains are 
plotted against the logarithm of the dose of vitamin A or carotene in 
Fig. 1. 
DISCUSSLON 
The interpretation of the growth response to vitamin A or carotene is 
complicated by the effect of hypothyroidism on the growth of immature 
rats. The thiouracil-treated animals weigh less at the end of the depletion 


? Crystalline carotene was obtained from General Biochemicals, Inc., Chagrin 
Falls, Ohio. 
§ Obtained from Distillation Products, Inc., Rochester, New York. 
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period than normal annals, and consequently lose Jess weight during the 
assay period when not receiving vitamin A. Likewise, when these thioura- 
eil-treated animals are provided with an optimum supplement of vitamin 
A, their maximum gain in weight is less than that of normal animals. 
The gains in weight of immature normal and hypothyroid rats cannot, 
therefore, be made the direct basis for a comparison of the efiect of vitamin 
A in the two groups. Ilowever, there may be some Justification for com- 
paring the amounts of vitamin A required to produce maximum growth in 
the two groups. A graphic comparison has been attempted in Fig. 1, A. 
It will be evident that 2.5 1.17. of vitamin A per day produce nearly max}- 
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bic. 1. Phe gain in weight of rats in gin. over a 28 day bioassay plotted against the 
log dose of Vitamin Ain international units (1) and against the log dose of 8-carotene 
inmierograms (8 for normal rats (solid line) and for hypothyroid rats (dash line). 


mum growth in both groups. The amount of vitamin A required to pro- 
duce half of the maximum growth is close to 1 1.U. in both cases. There 
isa considerable uncertainty, of course, in the value to be taken for the 
weight loss of animals receiving no vitamin A, since a considerable number 
of these control animals die during the assay period. Nevertheless, it is 
diffeult to arrive at any conelusion other than that vitamin A is about as 
effectively used for growth in the thiouracil-treated animal as in the normal 
animal, provided that the limitations imposed by hypothyroidism are 
considered. If the suggestion of Johnson and Baumann (8) regarding the 
importance of the size of the animal with respect to the retention of vita- 
min A is accepted, it may be argued that the utilization of vitamin A is less 
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effective in the thiouracil-treated animals. Since the thiouracil-treated 
animals weigh only about half as much as the normal animals at the end of 
the assay period, they would be expected to require only half as much vita- 
min A for maximum growth. This is clearly not the case. 

The results of the experiments with carotene supplements are similar 
to those obtained with vitamin A. As indicated in Fig. 1, B, half of the 
maximum growth is obtained with a supplement of approximately 05 
y of B-carotene in both normal and thiouracil-treated animals. The rela- 
tive effectiveness of vitamin A and 6-carotene in promoting the growth of . 
thiouracil-treated rats does not differ materially from that found in normal 
rats. In both cases, 0.4 to 0.6 y of 8-carotene produces the same weight 
response as | r.u. of vitamin A. Although it is impossible to conclude 
that the thiouracil-treated animals were entirely deficient in thyroid hor- 
mone, their limited growth and the degree of thyroid hypertrophy prove 
that they are severely hypothyroid. The thyroid hormone cannot be 
essential for the conversion of carotene to vitamin A, or it must be effective 
in very small amounts. Furthermore, if the thyroid hormone is concerned 
in the conversion of carotene to vitamin A, this process is not seriously im- 
paired in severely hypothyroid rats. 

The fact that growth of the thiouracil-treated rats is limited by the lack 
of thyroid hormone directly is demonstrated by two observations. In the 
first place, animals given a supplement of 200 1.U. of vitamin A per day 
during a second 28 day period comparable to the assay period, with thioura- 
cil feeding, did not gain significantly more than animals continued on a 
supplement of 5 1.u. On the other hand, when the animals receiving a 
daily supplement of 2.5 1.c. of vitamin A and thiouracil in the diet were 
continued on the same regimen for a second 28 day period, but with 6.5 
of thyroxine per 100 gm. of body weight daily (Group 7a), the average 
weight gain was 55.1 gm. This may be compared with the weight gain of 
50.5 gm. for the normal animals supplemented with 2.5 1.0. of vitamin A 
during the regular assay period. 

Although the vitamin A required for growth does not seem to be altered 
in the thiouracil-treated animals, the survival time of the negative control 
groups was considerably prolonged in the thiouracil-treated animals. In 
the group used in the vitamin A tests (Table 1), the average survival time 
of the negative control animals receiving no thiouracil was 18.1 days, 
while that of the negative controls receiving thiouracil was 25.7 days. 
These values represent minimum differences, since a survival time of 28 
days is assigned to those rats still alive at the end of the test. Only one — 
(8 per cent) of the rats in the negative control group survived the 28 day 
period, while ten (67 per cent) of the rats receiving thiouracil in addition 
to the vitamin A-free diet were still alive after 28 days. The differences 
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are similar but less striking in the negative controls used in the carotene 
series. 

This same general conclusion may be arrived at by considering the de- 
velopment of xerophthalmia. Eye symptoms developed in 100 per cent 
of the control group which did not receive thiouracil, while eye symptoms 
were observed in 60 per cent of the thiouracil-treated control group. These 
results, together with those on survival, might indicate that the small 
stores of vitamin A remaining at the end of the depletion period are utilized 
more slowly in the thiouracil-treated rat. Such an increased efficiency in 
utilization of vitamin A is not indicated in the growth experiments. The 
converse of this situation has been reported by Ershoff and Deuel (11), who 
found that the survival time of vitamin A-deficient rats was markedly 
shortened when a preparation of growth hormone was injected. Since 
these latter animals did not grow, being deficient in vitamin A, the stress 
which resulted in shorter survival times cannot be growth per se. It would 
seem that the increased demand for vitamin A must be due to a different 
factor from the requirement for growth in either case. 

It is difficult to reconcile these results with those of Johnson and Bau- 
mann (S) on liver storage, and they would be in better agreement with the 
result previously obtained in this laboratory (10). However, more recent 
experiments in this laboratory have suggested that thiouracil treatment 
does decrease the amount of vitamin A stored in the liver of rats as the 
result of feeding carotene. If Johnson and Baumann are correct, then it 
would be necessary to conclude that the determination of the amount of 
vitamin A stored in the liver after feeding relatively large amounts of caro- 
tene is a more sensitive test of the ability to convert carotene to vitamin A 
than a bioassay procedure as applied in this case. 


SUMMARY 


!. Animals rendered hypothyroid by the inclusion of thiouracil in the 
diet responded to vitamin A and carotene administration by increased 
growth and bv alleviation of the ocular symptoms. 

2. Although the extent of maximum growth after vitamin A or carotene 
feeding is markedly depressed by hypothyroidism, the point of 50 per cent 
response Was unaltered either with the vitamin A or carotene feeding. 
This Was approximately | 1.c. for vitamin A and 0.50 y forearotene. These 
data indicate that carotene and vitamin A are about equally well utilized 
by hypothyroid rats at low levels of vitamin A or carotene. 

3. When the rate of growth is limited by thiouracil feeding, it can be 
restored to normal by thyroxine but not by large doses of vitamin A. 

4. Survival time of rats on a vitamin A-deficient diet is much prolonged 
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when the animals are rendered hypothyroid by thiouracil feeding. This 
might indicate that the stored vitamin A is used up at a slower rate under 
such conditions and hence may be available over a considerably longer 
period or that the factors on which the requirement for vitamin A is based 
differ in) respect to growth and survival. 
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In a previous study it was observed that mice fed diets devoid of certain 
essential amino acids excreted very high percentages of all the ingested 
amino acids into the urine and that more amino acids were excreted when a 
relatively poor protein such as arachin was fed than when the dietary 
protein Was casein (1). In the present study the proteins fed were known 
to be of higher biological value for the rat than is casein (2). lurthermore, 
4 preliminary attempt was made to determine whether the excretion of 
amino acids by the rat depends upon the quality of proteim ingested. 


Methods 
Im the first series, weanling mice averaging 13.3 gm. in weight were 
divided into five comparable groups of four exch and were fed diets of the 
following composition: 


per cent 
Corn oil (+ 0.1 % halibut liver oil) 5 
Wesson’s salt mixture (3) 4 
(jlucose monohydrate (cerelose) to 100 

y per gm. 
Thiamine chloride 6 
Nicotinic acid | 
Calcium pantothenate 
Riboflavin § 

Biotin 0.5 
p-Aminobenzoic acid | | 


[In the second series the percentage of dietary protein was increased to 
10 per cent. The proteins fed in both series included casein, egg albumin, 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation and the 
American Cancer Society. 
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lactalbumin, fibrin, and arachin. The various proteins were air-dried 
before incorporation into the diet fed. Samples of these proteins were 
hydrolyzed (1) and analyzed for their amino acid composition by the same 
methods that were used for the determination of the amino acids in the 
urine. The composition of the proteins fed is summarized in Table I, 
The composition of the oxidized casein has been reported previously (1). 
In both series each mouse received 1 drop of halibut liver oil every 2 
weeks. The experiments were conducted for 7 weeks; urine from groups 
of four mice was collected under toluene for 48 hours at weekly intervals 


TABLE I 
Aminu Acids in Proteins Fed 
The results are expressed in gm. of amino acid liberated per 100 gm. of air-dried 
protein. 


Lactal- 


Amino acid enon Fibrin Arachin Casein a | Zein 
Arginine........ ; 3.3 6.8 11.0 3.7 5.3 2.0 
Aspartic acid... 10.3 15.5 14.0 7.3 s.4 6.6 
Cystine.... 0.9 0.45 3.9 1.1 
Glycine......... 2.9 | 4.9 3.2 1! 3.0 0.4 
Glutamic acid 14.1 | 13.0 21.6 21.5 9.5 | 27.0 
Histidine..... BS 2.6 3.0 2.5 1.7 
Isoleucine..... 718 78 6.6 7.1 6.9 7.3 
Leucine..... 6.9 10.5 7.1 23.7 
7.1 | 6.8 1.8 5.7 0.0 
Methionine ..... 2.6 3.1 3.0 2.2 
Phenylalanine .. 3.4 | 3.8 5.5 5.1 4.9 7.4 
Proline...... 3.4 4.6 6.0 13.1 15.0 
Serine... 6.8 11.2 9.9 7.0 8.3 8.3 
Threonine __. 4.0 5.9 2.6 4.6 4.1 2.4 
Tryptophan 2.2 3.6 0.69 1.4 1.4 Trace 
Tyrosine. | 3.1 1.6 1.5 5.4 3.8 6.0 

4.7 3.4 3.9 6.3 3.6 2.4 


Valine... 
for three weeks and twice more thereafter. The samples were filtered’ 
adjusted to pH 6.8, diluted to an equivalent of 25 ml. per mouse per day, 
and stored in the refrigerator under toluene for the microbiological de- 
termination of sixteen amino acids by the methods previously described 
(4). In addition glycine was determined with Leuconostoc mesenteroides 
P-60 with Medium III (4). 

The rats were of the Sprague-Dawley strain and weighed 95 to 105 gin. 
They were fed diets of the following composition: 


per ceni 


12 


Protein |_| 
Corn oil (+ 0.1 % halibut liver oil) ia | 5 
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per ceni 
Wesson’s salt mixture (3) : ; 4 
Glucose monohydrate (cerelose) to 

per gm 
Pyridoxine hydrochloride 6 
Thiamine chloride 6 
Nicotinic acid... . 10 
Calcium pantothenate 20 
Riboflavin... 6 
Biotin 0.5 
Folie acid 0.5 
p-Aminobenzoie acid 300 
Choline chloride. 1000 
L-Cystine. 1000 


The proteins fed were ordinary casein or oxidized casein (5) with sup- 
plements in special groups of 0.4 per cent DL-tryptophan or 0.8 per cent 
pL-methionine or both. ‘The rats were maintained on these diets for 4 
weeks. In a second series adult rats averaging 200 gm. in weight were 
maintained on similar diets for 7 weeks. After 21 days on the diets the 
rats were placed in metabolism cages, singly or in pairs, and the urine was 
collected under toluene for | or more days. The samples were then fil- 
tered, adjusted to pHi 6.8, and diluted with water to an equivalent of ap- 
proximately 75 ml. per rat per day. The diluted samples were then stored 
in the refrigerator under toluene for the microbiological determination 
(4) of five representative amino acids: glutamic acid, histidine, lysine, 
phenylalanine, and valine. Aliquots of the urine samples were hydrolyzed 
with 2 N HCl in the autoclave for 6 hours at 15 pounds pressure. The 
samples were then neutralized with NaOH, made to volume, filtered, and 
stored in the refrigerator under toluene. 


EXPERIMENTAL 


Amino Acid Excretion by Mice Fed Various Proteins—The mice fed the 
Various proteins at 8 per cent of the diet grew at rates that varied with the 
nature of the protein fed. Growth was poorest when the protein was 
arachin, on which the gains in weight averaged only 0.6 gm. in 4 weeks 
in the series fed 8 per cent of protein (Table II) as contrasted with an 
average gain of 6.7 gm. during this time when casein was fed. Egg al- 
bumin, lactalbumin, and fibrin promoted better growth than casein, with 
gains of 7.6 to 10.0 gm. in 4 weeks (Table II). Similar differences between 
proteins were noted when the diet contained 10 per cent of protein. 

The amounts of the amino acids ingested and excreted on a typical 
collection date, the 14th day of the first series, are presented in Tables ITI 
and IV. A summary of the mean percentages of the ingested amino acids 


if 
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excreted during the entire experimental period is presented in ‘Table VY. 
No attempt is made to present all of the results of the many analyses 


completed. 


TABLE I] 


In general, however, the percentages of the various amino 


Effect of Various Proteins at 8 Per Cent Levels upon Growth of Young Mice 


Diet 


Arachin . 
Casein. . 

Egg albumin 
Fibrin. 
Lactalbumin 


Average weight per mouse (4 mice per group) 


0 wk. 

gm. gm. 
13.8 13.0 
13.2 14.2 
13.2 16.3 
13.4 13.0 
13.2 16.2 


1 wk 


2 wks. 


gm. 


14. 
16. 
17. 
17. 
20. 


bo 


3 wks. 4 wks. 
gm. gem 

14.1 14.4 
18.2 19.9 
18.5 20.8 
19.0 23.2 
20.5 23.2 


Microbiologically Available ‘‘Free’? Amino Acids in Urine of Mice Fed 8 Per Cent 


Amino acid 


Aspartic acid... 
Glutamic 
Histidine... . 
Isoleucine... .. 
Leucine. _... 
Lysine. .... 
Methionine. . 
Phenylalanine .. 
Proline 

Serine. 
Threonine ._.. 
Tryptophan 
Tyrosine 
Valine .. 


Ordinary casein 


Amino Amino 
acid acid 
ingested excreted 
me. me. 
8.91 0.60 
17.60 0.27 
7.23 | 0.32 
20.69 0.61 
25.28 1.13 
16.12 | 0.58 
7.47 0.17 
11.56 0.34 
38.25 | 2.75 
19.00 0.40 
11.08 0.38 
3.37 0.09 
12.52 0.43 
14.37 0.69 


Mean for all acids determined 


Ingested 
amino 


c 
excreted 


per cent 


oo | 


Casein or Egg Albumin Diet for 14 Days 


Amino 
; acid 
ingested 


meg. 


10. 


17. 


5. 
14. 
14. 
11. 


78 
OY 


albumin 


| 

excreted 
me. per cent 
0.25 2.3 
0.03 0.2 
0.45 2.3 
0.05 1.0 
0.21 1.5 
0.28 1.9 
0.13 1.1 
0.12 2.0 
0.11 1.1 
0.40 2.8 
0.17 1.0 
0.20 2.4 
0.05 L.1 
0.12 1.6 
0.50 4.1 
1.6 


acids excreted on any particular protein were very similar whether the 


level of protein in the diet was 8 per cent or 10 per cent. 


On any given 


protein, the variations between the percentage excretion of « single amino 


| 
| 
|| j 
| 
(8 
(02 
43 
58 
6.10 
O6 
14.43 
16.85 
7.72 | 
7.32 
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acid on different days during the experiment were frequently greater than 
the variations between the percentages of excretion for different amino 
acids on any one day. Thus, the percentages of tryptophan excreted by 
mice fed 8 per cent of casein were 3.4, 2.7, 2.1, 3.8, and 4.8 at 7, 14, 20, 24, 
and 40 days, respectively. By way of contrast, the percentages of nine 
different amino acids excreted on this diet on the 14th day of the experiment 
lay between the comparatively narrow range of 2.1 and 3.6 per cent (Table 


IIT). 


TaBLe LY 


Microhrologically Available ‘Free’? Amino Acids in Urine of Mice Fed § Per Cent 
Fibrin or Lactalbumin Diet for 14 Days 


Lactalbumain Fibrin 

Amino acid Ingested . Ingested 

ingested excreted ingested excreted 

mez. me. per cent me. me. per cent 

Arginine 8.83 , 0.2% 3.1 24.79 | 0.33 1.3 
Aspartic acid 27.41 0.12 0.4 56.60 0.75 1.3 
Glutamic ‘‘ 37.68 0.52 1.4 47.42 1.07 2.3 
Histidine 5.61 0.05 0.9 9.12; 0.29 3.2 
Isoleucine : 20.84 0.28 Ld 27.69 | 0.75 2.7 
Leucine 30.19 | 0.37 1.2 24.44 | 0.73 3.0 
Lysine 18.97 0.19 1.0 24.80 0.71 2.9 
Methionine | 6.41 O.11 1.7 11.86 0.29 2.4 
Phenylalanine 9.08 0.13 1.4 13.83 0.38 2.7 
Proline 9.08 0.50 5.5 16.77 0.61 3.6 
Serine IS.1S 0.25 1.93 32.53 0.31 1.0 
Threonine 10.69 0.22 a4 21.52 0.71 3.3 

Tryptophan 0.00 

Tyrosine 8.28 0.15 1.8 16.80 0.18 8 
Valine 12.54 0.30 2.4 13.47 0.73 5.4 
Mean for all acids determined | 1.4 2.7 


The results indicated clearly, however, that the excretion of amino acids 
throughout the experiment was least on lactalbumin and egg albumin, in- 
termediate on fibrin and casein, and highest on arachin. The mean per- 


centages of excretion for all of the amino acids were 4.7, 3.4, 2.7, 1.5, and 
1.0 on srachin, casein, fibrin, egg albumin, and lactalbumin, respectively 
(Table V). In other words, those proteins which promoted the most 
rapid rate of growth in the mouse were metabolized with the least losses 
of microbiologically available amino acids in the urine; the losses were 
significantly less on lactalbumin, egg albumin, and fibrin than on even such 
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a relatively good protein as casein. Arachin, on the other hand, enabled 
the mice to grow rather poorly and the excretion of amino acids when this 
protein was fed was significantly greater than that on the better proteins. 
When the better proteins were fed, no significant changes in the excretion 
of amino acids were noted as the experiment was prolonged; on arachin, 
however, the amino acid excretion increased after the 3rd week. 


TABLE V_ 
Excretion of Microbiologically Available ‘‘Free’’ Amino Acids in Urine of Mice Fed 
Various Proteins in Diet at Level of 8 Per Cent* 


— 


Mean excretion of ingested amino acids 


Arachin Casein Fibrin 

| per cent per cent fer cent per cent | per cent 
Arginine........ 4.7 2.4 1.3 2.0 2.7 
Aspartic acid... 1.9 1.5 1.3 0.2 0.2 
Ceieee........... 17.4 26.0 3.4 1.9 3.8 
Glycine.......... 11.5 | 14.0 7.6 8.0 6.2 
Glutamic acid... 1.5 2.2 2.3 1.9 | 1.4 
Histidine. ..... aa 3.3 1.0 0.9 
Isoleucine..... . 1.5 0.9 0.8 
Leucine.......... 3.0 1.5 0.7 
i 2.9 0.6 0.8 
Methionine. .... 2.7 1.5 1.7 
Phenylalanine .. 27 0.8 0.7 
8.6 73 3.0 ~ 5.0 
Serine...... 1.5 2.0 1.5 
Threonine. ... 6.0 3.8 4.1 2.4 1.5 
Tryptophan. 6.5 3.4 0.5 1.1 0.7 
Tyrosine. . 4.7 3.6 0.4 0.8 0.7 
8.2 4.8 0.8 3.4 1.0 
Mean for all acids determined... .__. 4.7 3.4 2.7 1.5 1.0 


* Average of five determinations on samples collected at intervals over a 40 day 
feeding period. 


Amino Acid Excretion by Rats Fed Deficient Proteins--Rats fed oxidized 
casein as the sole source of amino acids or the oxidized casein supplemented 
with either tryptophan or methionine lost about 10 gm. per week through- 
out the experiment (Table VI), whereas those fed the oxidized casein sup- 
plemented with both tryptophan and methionine lost weight at a rate of 
0.5 gm. per week for 4 weeks, as compared to a gain in weight of 10.2 gm. 
per week when ordinary casein was fed. In line with the experience of 
others, we found that the rats deprived of one or more essential amino 
acids ate less than those on the relatively complete diets, the average daily 
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food consumption being 4.6, 4.1, and 4.6 gm. during the 4th week, as com- 
pared to 8.4 gm. on the oxidized casein supplemented with tryptophan 


TABLE VI 


Amino Acids in Urine of Rats Fed Diets Low in Methionine or Tryptophan 


12 per cent oxidized casein or ordinary casein was used. 


Amino acid 


Glutamic acid 
Histidine 
Lysine 
Phenylalanine 


Valine 


Group II, Group II, 
Group oxidized oxidi 
oxidized casein+ casein + 
pto- methio- 
an* ninet 


casein | 


Mg. of amino acid excreted daily 


“‘Free’’ 5.89 
Total 7.97 
‘‘Free’’ 0.72 | 
Total 0.90 
1.12 
Total 
“‘Free”’ 1.29 
Total 1.45 
‘‘Free”’ 1.42 
Total 3. 


of ingested 


89 


(;lutamic acid ‘‘Free”’ 4 
Total 6.62 
Histidine ‘‘Free”’ 5.44 
Total 82 
Lysine 2.73 
Total 5.27 
Phenylalanine ‘“‘Free’’ 4.69 
Total = 
Valine 
Total | 10.29 
Food eaten daily (average ae 


throughout experiment), 


qm, 


Average gains in weight per 


wk., gm. 


* 0.4 per cent pL-tryptophan added to the diet. 
t+ O.S per cent pL-methionine added to the diet. 
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amino acids excreted 


8.24. 
7.58 | 
8.01. 
5.40 | 
4.54 
4.80 
3.76 
7.77 


6.2 


6.72 


|-10.2 -0.5 +10.2 


and methionine and 9.6 gm. on ordinary casein. 


| 
te 


Group 

regular 

casein, 


restricted 


| 


| | 


—2.0 


Rats fed the diet con- 


taining ordinary casein, but restricted to the amount consumed by the rats 
deprived of methionine, lost 2.0 gm. per week for 4 weeks. 


= 
‘oxidized GTOUD | 
ninet + od 
| 
| 9.97; 7.91 
1.00 0.98 
1.06 1.21 
20 1.56 0.45 
01 2.24 1.76 : 
23 1.25 1.53 
27 
| 40 1.31 2.35 
59 2.70 4.41 
= 3.05 | 
3 3.59 | | 
1.10 | | 
I 5.02 | 
0.59 | 
| q 2.31 | 
3.04 | 
a 3.42 | 
56 3:72} 
70 6.98 | | 
| 
| | 
| 
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The excretion of amino acids by the rats, as indicated by the amounts of 
glutamic acid, histidine, lysine, phenylalanine, and valine in the urine, 
depended both upon the amount and the quality of the protein fed. Ip 
spite of their relatively low intakes of food, the rats fed the deficient pro. 
teins (Table VI, Groups I, I], and IIT) usually excreted at least as much 
amino acid as those fed the more complete proteins (Table VI, Groups TV 
and V). The amounts of the amino acids excreted were usually less when 
ordinary casein was fed than on a diet of oxidized casein supplemented with 
tryptophan and methionine, and this difference became even more evident 
when the excretion of amino acids was expressed as the percentage of jn- 
gested amino acids appearing in the urine (Table VI). Presumably, 
therefore, the mixture of oxidized casein plus methionine and tryptophan 
was still somewhat inadequate as a source of protein for the rat. Since 
the excretion of “free” or microbiologically available lysine was particularly 
low on this diet (Table VI), it is possible that Ivsine mav have been the 
limiting amino acid in the mixture fed. 

When the food intake of the rats on ordinary casein was restricted (Table 
VI, Group VI) to that consumed by Group II fed the diet deficient in 
methionine, the excretion of “free”? amino acids fell to very low levels, a 
mean of 0.5 per cent of the amino acids ingested (0.24 to 0.62 per cent) as 
compared to 5.5 per cent (4.0 to 13.28 per cent) by rats on the deficient 
diet, and 1.61 per cent (0.62 to 1.85 per cent) on ordinary casein fed ad 
libitum CVable VI, Groups VI, 1, and V). Thus the rats on the deficient 
diets excreted about LO times as much of the invested amino acids in the 
“free”? form as rats fed comparable amounts of a diet containing an ade- 
quate protein. 

Determinations of the amino acids in hydrolyzed urine indicated that 
the effects of the various diets upon the excretion of total amino acids 
(“free acids plus peptides) were very similar to their effects upon the 
excretion of the free acids; the highest percentages of ingested amino acids 
excreted were observed on the diets containing the incomplete proteins; 
an intermediate percentage was observed on ordinary casein, whereas the 
excretion of amino acids was particularly low when the latter diet was fed 
in the limited amounts consumed by the groups fed the deficient proteins. 
The various amino acids differed somewhat in their distribution between 
the “free” and the “bound” forms in urine: the amounts of phenylalanine 
excreted in the “free” form = practically equaled those measured after 
hydrolysis (Table VI); In other words, little or no phenylalanine occurred 
In urine in the “bound” torm. On the other hand, over half of the total 
amount of valine present became microblologically wVvallable only 


hydrolysis, whereas the percentages of glutamic acid, histidine, and lysine 
excreted in the “bound” form were intermediate between valine and phenyl- 
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alanine. In general, the increases 1n amino acid excretion Observed when 
deficient proteins were fed were found in both the ‘‘free’”’ and the ‘“‘bound”’ 
forms (Table VI). Determinations of a-NH.-N in the urine samples by 
the copper method of Pope and Stevens (6, 7) tended to confirm the results 
of the microbiological assays of the individual amino acids. 


DISCUSSION 


The low excretion of amino acids by mice fed proteins of high biological 
value suggests that there is a rough inverse correlation between the growth- 
stimulating power of a protein and the percentages of ingested amino acids 
excreted in the urine. At low levels of dietary protein, casein was markedly 
inferior to lactalbumin in promoting growth, and higher percentages of all 
amino acids were excreted. Indeed in both respects casein was almost as 
inferior to lactalbumin as oxidized casein is to casein itself. The results 
suggest that amino acid excretion by the mouse might provide a fair index 
of the biological value of the protein mixture ingested. 

The present experiments indicate that the rat resembles the mouse 
qualitatively in that it excretes more amino acids when the dietary pro- 
tein is deficient in an essential amino acid than when the protein is bi- 
ologically adequate. Schweigert has reached a similar conclusion (8). 
This loss in amino acids apparently is associated with a negative nitrogen 
balance (9). Quantitatively, however, the urinary losses of amino acids 
by the deficient rat are less spectacular than the amounts lost by deficient 
mice; such losses by mice averaged 24.5 per cent of the amounts ingested 
ina previous study (1). Another difference between the rat and the mouse 
may be the form in which extra amino acids are excreted when inadequate 
proteins are fed: the rat appears to excrete the excess acids in both the 
“free” and “bound” form, whereas the mouse excretes them largely in the 
microbiologically available form, either as free acids or as peptides that 
are directly useful to the assay organisms. For reasons discussed previ- 
ously (1, 4), however, the distinction between “free’’? and “bound’’ amino 
acids in urine must be regarded as only approximate. 


SUMMARY 


lL. Mice ted diets containing protein of high biological value excreted less 
“free”? amino acids in the urine than mice fed proteins of ordinary or poor 
biological value. ‘The mean excretion for seventeen amino acids deter- 
mined by microtiologieal procedures was 4.7 per cent for arachin, 3.4 per 
cent for casein, 2.7 per cent for fibrin, 1.5 per cent for egg albumin, and 
1.0 per cent for lactalbumin. 

2. Rats fed restricted amounts of a diet containing ordinary casein ex- 
creted very low percentages of the ingested amino acids into the urine. 
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3. Rats fed diets containing incomplete proteins (oxidized casein plus 
eystine and either tryptophan or methionine) excreted approximately 
twice the percentage of ingested amino acids into the urine as those ex- 
ereted by rats fed an adequate protein. The increased acids excreted were 
in both the “free”? and the ‘“‘bound”’ forms. 
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ACTION OF CARBOXYPEPTIDASE ON PEPTIDE 
DERIVATIVES OF 1-TRYPTOPHAN* 


By EMIL L. SMITH 
(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Lake City) 


(Reeeived for publication, April 9, 1948) 


It is obviously desirable to extend our knowledge of the specificity of 
proteolytic enzymes to as wide a variety of substances as possible. Thus 
far, the carbobenzoxy method of Bergmann and Zervas (1) has not been 
applied to the synthesis of compounds containing L-tryptophan. In fact, 
with the exception of the early work of Abderhalden and Kempe (2), and a 
recent report by Fruton (3), synthetic studies involving tryptophan pep- 
tides have not been reported. This paper will deal with the synthesis of a 
number of carbobenzoxy derivatives of tryptophan and its peptides, and 
the application of these compounds to the study of the specificity of crys- 
talline pancreatic carboxypeptidase. Subsequent investigations will be 
eoncerned with tissue studies and with other enzymes. 

From previous work (4-3), it is known that pancreatic carboxypeptidase 
ean hydrolyze a wide variety of acylated peptides, but the rate of hydrol- 
ysis varies widely, being governed by the nature of the R groups present. 

R” 
| 


The dotted line shows the point of cleavage. The most sensitive substrates 
for this enzyme are those containing as the terminal amino acid L-phenylal- 
anine or L-tyrosine. Since these compounds contain aromatic rings, it was 
of some interest to test the analogous L-tryptophan compounds. Our sub- 
strates were carbobenzoxypeptides of the type indicated. 

Carbobenzoxyglycyl-L-tryptophan (CGT) is rapidly hydrolyzed by car- 
boxypeptidase. It is striking that the hydrolysis of this compound follows 
the kineties of a zero order reaction over a wide range of enzyme concentra- 
tions (Table 1), while the hydrolysis of other carbobenzoxyglycylamino 
acids at the same substrate concentration (0.05 m) is first order (4-6). 

Table Il shows that other tryptophan-containing peptides are also hy- 
drolyzed by carboxypeptidase. Carbobenzoxy-L-tryptophyl-L-tryptophan 

* This investigation was supported by a grant from the United States Public 
Health Service 


39 


4 

i 

4 

3 

+ 


40 CARBOXYPEPTIDASE 


and carbobenzoxy-L-tryptophyl-L-tyrosine are split quite rapidly. How- 
ever, since these compounds are sparingly soluble at pH 7.5, comparative 
kinetic studies could not be performed. The hydrolysis of carboben- 
zoxy-L-tryptophylglycine (CTG) and 
(CTA) is best described as following the kinetics of a zero order reaction. 


TABLE I 
Kinetics of Carboxrypeptidase Action of Carbobenzoryglycyl-L-tryptophan 
‘The experiments were performed in 0.066 mM phosphate buffer at pH 7.50 + 0.05. 
A°® = per cent hydrolysis per minute; C° = AK° per mg. of protein N per cc. of test 
solution. 


Time Hydrolysis Ke Co 
protein N per cc. min. per cent 

0.158 180 27 0.15 950 

240 39 0.16 1010 

330 54 0.16 1010 

360 60 0.17 1080 1010 
0.316 60 | 19 0.32 1010 

90 31 0.34 1080 

120 39 0.33 1040 

150 ol 0.34 1080 

180 59 0.33 1040 

210 67 0.32 1010 1040 
0.474 | 60 27 0.45 950 

120 ol 0.43 910 

180 79 0.42 890 G20) 
0.632 | 45 27 0.60 950 

60 39 0.58 920 

90 | 54 0.60 950 

120 70) 0.58 Y20 930 
0.943 30 24 0.80 840 

45 42 0.93 GSO 

60 53 0.88 930 

90 SO 0.89 940 920 
1.264 15 18 1.20 950 

30 39 1.30 1030 

45 51 1.13 890 

] 


70 17 930 970 


The relative rates of hydrolysis for various substrates may be compared 
by their specific proteolytic coefficients, C, which are defined as the velocity 
constants for an enzyme concentration of 1 mg. of protein N per cc. of test 
solution. The coefficients in Table IT indicate that CTA is hydrolyzed 15.7 
times more rapidly than CTG. It is of interest that the ratio for carbo- 
benzoxyglycyl-L-alanine (CGA) and carbobenzoxyglycylglycine (CGG) as 


aw 
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computed from the C values (first order) given by Stahmann, Fruton, and 
Bergmann (6) is 0.038/0.0024 or 15.8. It may be recalled that Bergmann 
and Fruton (5) postulated that the relative rates of hydrolysis of two sub- 
strates with different R” groups should be the same regardless of the nature 


TaBLe II 
Action of Carborypeptidase on Various Substrates 
The solutions were buffered by 0.066 m phosphate at pH 7.5 + 0.1. C® is the zero 
order velocity constant per mg. of protein N per cc., while C; is the corresponding 
first order constant. 


> 
Protein N Hydrol- ' 


Substrate re Time ysis co | Cy 
mg. Ars. percent | 
Carbobenzoxy-L-tryptophylglycine 0.316 1.4 | 0.0063 
1.0 | 0.0073 
| 2.5 61 | 1.3 | 
0.0316 | 24.0 0.120 
alanine 1.0 | 41 21.0 |; 0.120 
1.5 60 | 21.0 | 
| | 
tyrosine | 1.0 
tryptophan 
1.5 | 8 
20.0 | 
0.0022 
0.0015 
we i 0.0028 
phanamide | 
0.316 20.0 20 
4-carboxylie acid 
0.316 20.0 2 
proline 
Carbobenzoxyglycyl-L-phenylalanine 0.000107 14 


* Tyrosine crystallization. 
+ 100 per cent corresponds to the complete hydrolysis of one peptide bond. 


of R’. Apparently, this postulate holds here, although the kinetics differ 
for the corresponding carbobenzoxytryptophyl and carbobenzoxyglyecyv! 
compounds. 

Although the hydrolysis of the tryptophan compounds is best deseribed 
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as following the kinetics of a zero order reaction, the initial rates can be com- 
puted equally well for a first order reaction. This has been done in order 
to have some comparison with the rates for other compounds, although it 
is evident that this procedure affords only an approximation. C (first 
order) for CTA is 0.120 and C (first order) for CTG is 0.0068. The ratios 
of the first order proteolytic coefficients are then Ceza/Ceoga = 3.2, and 
Core/Ccag = 2.8. The good agreement between these quotients allows 
some confidence in the statement that the substitution of a tryptophyl 
for a glycyl residue in the position of R’ increases the sensitivity of the 
substrate about 3 times. This is of particular interest since previous work 
(5) has shown that alanyl or glutamyl residues in this position decrease 
the rates as compared to glycyl residues. 

Assuming then that the Bergmann-Fruton postulates hold, it is possible 
to calculate the relative sensitivity of CGT as compared to carbobenzoxy- 
glycyl-t-phenylalanine (CGP), the most sensitive known substrate for this 
enzyme. Since Coegr/Cega = 13/0.038 (from Stahmann ef al. (6)), the 
zero order constants Cera/Ccrg = 22.0/980 and Ccga/Cora = 1/3.2, the 
equations are readily combined to give 


C'caGp Ccop Ccca CcTa <1 xX 220 


— 


A direct comparison hus also been made by taking the hydrolysis for the 
first reading at each of the six different enzyme concentrations given in 
Table I for CGT and computing Cer (first order). The results were 4.9, 
4.7, 4.9, 4.9, 4.2 and 4.6, giving an average of 4.7. Ccegr/Cegr = 13/4.7 
or 2.8 as compared with the value 2.4 calculated indirectly. The results 
suggest that the Bergmann-Fruton concept 1s valid regardless of the nature 
of the reaction kinetics obtained in particular experiments.  [t is also evi- 
dent that the high affinity of carboxypeptidase for substances containing 
an aromatic ring is observed not only for the phenylalanine and tyrosine 
compounds but for tryptophan as well. 

It is clear from our data that carboxypeptidase is particularly sensitive to 
the nature of the amino acid in the R” position and much less sensitive to 
R’. Change from a tryptophyl toa glycyl residue in R’ causes only a 3-fold 
alteration in the rate of action on the sensitive peptide bond as Judged by 
the ratio of the proteolytic coefficients of CTG to CGG. However, the 
isomeric compound (CGT) containing the same amino acids shows a differ- 
ence in sensitivity to the enzyme when compared to CGG of 4.7/0.0024 or 
1960 times. Obviously, the nature of the residue possessing the free car- 
boxyl group is the main determinant of sensitivity of the substrate to the 


enzyme. 
Carbobenzoxyglycyl-L-tryptophanamide is not hydrolyzed at a signifi- 
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cant rate by carboxypeptidase. This is in agreement with the results of 
other investigators who have noted that a free terminal carboxyl group is 
necessary for the action of this enzyme (4). 

Compounds which do not possess a free hydrogen at the sensitive peptide 
bond have been reported to be resistant to carboxypeptidase action. This 
was found by Stahmann, Fruton, and Bergmann (6) using the substrates 
carbobenzoxyglycylsarcosine and carbobenzoxyglycyl-L-proline. It has 
now been observed that carbobenzoxy-L-tryptophyl-L-proline (CTP) is 
slowly hydrolyzed (Table II) by carboxypeptidase. This has been detected 
only because the introduction of the tryptophyl residue increases the sensi- 
tivity of the substrate 3-fold as compared to the corresponding glycine 
compound. Thus, CTP is hydrolyzed at about the same rate asCGG. It 
would be expected that the specific proteolytic coefficient of carbobenzoxy- 
glycyl-L-proline would be about 0.0007, which would not be measurable 
at the usual enzyme concentrations. Similar observations were made with 
‘arbobenzoxyglyeylhydroxy-L-proline (7) and carbobenzoxyglycyl-L-thiazo- 
lidine-4-carboxylic acid; these showed only slight hydrolysis in 20 hours. 

The titration data on carbobenzoxy-L-tryptophyl-L-tryptophan indicate 
a greater hydrolysis than that expected for a single peptide bond (Table II). 
Tests with carbobenzoxy-L-tryptophan and carbobenzoxy-pL-tryptophan 
indicate that these are split by carboxypeptidase (Table ITT). ; 

Studies of mixtures of carbobenzoxyglycyl]-L-thiazolidine-4-carboxylic 
acid with CTG (Table IIIT) or with CGP did not show any inhibition of the 
enzyme, indicating that the affinity of carboxypeptidase for this compound 
with a ring nitrogen is very slight indeed. 

The author gratefully acknowledges the technical assistance of Mrs. 
Toshiko Shimizu. He is also indebted to Dr. H. T. Hanson for his help 
with the preparation of carboxypeptidase and to Dr. M. D. Armstrong for 
the sample of L-thiazolidine-4-carboxylic acid. 


EXPERIMENTAL 


The crystalline carboxypeptidase was prepared by the method of Anson! 
(8) and recrystallized five times as described by Neurath, Elkins, and Kauf- 
man (9). The enzymatic experiments were carried out in 2.5 cc. volumetric 
flasks at a temperature of 25°. Hydrolysis was measured on 0.2 cc. samples 
by the titration method of Grassmann and Heyde (10). The substrate was 
present in a concentration of 0.05 m with the exception of the racemic sub- 
strates which were used at 0.1 M. 

It was found that several tryptophan derivatives did not always give re- 
liable analyses for nitrogen by the Kjeldahl method. Hence, all of the 
analyses reported below were performed by the micro-Dumas method. 


‘Dr. M. L. Anson was kind enough to furnish seed crystals of the enzyme. 
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Likewise, carbobenzoxyglycyl-L-thiazolidine-4-carboxylic acid gave low 
nitrogen values by the Kjeldahl method. Most of the microanalyses were 
performed by Dr. A. Elek of Los Angeles. The melting points were ob- 
tained in open capillary tubes; they are uncorrected values. 
Carbobenzoxyglycyl-L-tryptophan—To a solution of 7 gm. of L-tryptophan 
in 36 ee. of Mm NaOH at 0°, there were added with cooling and shaking an 
additional 36 ee. of m NaOH and 8 gm. of carbobenzoxyglycy! chloride. 
On acidification with 5m HCl, the compound crystallized as a solid mass of 


TaBLe III 
Action of Carborypeptidase 


The conditions of these experiments were the same as those described in Tables 
Iand II. 


Protein N Hydrol- 
Substrate per cc. test Time eer K° ce 
solution 
me. hrs per cent 
Carbobenzoxy-L-tryptophan (0.05 m) 0.268 0.5 16 0.53 
1.0 31 0.52 
1.5 58 
2.0 73 0.61 
2.5 78 0.52 2.1 
(0.1m) 0.268 1.5 44 0.44 
3.0 0.36 1.5 
Carbobenzoxyglycy!-L-tryptophan 0. 000632 935 
Carbobenzoxyglycyl-_-tryptophan 0. 000632 1.0) 36 950 
(0.05 4- 1.5 54 
thiazolidine-4-carboxylic acid 2.0) 69 920) 


(0.05 


fine needles. Yield, 12.7 gm. On reerystallization from ethyl acetate- 
petroleum ether, rosettes of fine needles were obtained; m.p. 142°, 


Calculated. C 63.8, H 5.4, N 10.6 


Carbobenzoxyqlycyl-L-lry plophanamide “Yo a dry ether solution of tryp- 
tophan methvl ester from 4.4 gm. of the hydrochloride, there were added 
in two portions 4 gm. of carbobenzoxyglyeyl chloride at O°. Following the 
addition of the second portion, the solution was shaken for 20 minutes with 
50 ec. of a saturated solution of KAIHTCQO,. The ether solution was washed 
with water, dilute HCI, again with water, dried over NasSO;, and concen- 
trated in vacuo repeatedly with methanol. The syrup was then allowed to 
stand for 2 days at room temperature in a solution of methanol previously 
saturated with NHI; gas at 0°. The amide crystallized partially after re- 
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peated concentration with methanol. It was recrystallized from ethyl ace- 
tate-petroleum ether. Yield, 2.7 gm. The compound softens at 117—121°; 
m.p. 145°. 


iN Calculated. C 64. 0, 5. 6, 


Carbobenzoxy-L-try plophylglycine 


Carbobenzoxry-L-lry plophan—-To a solution of 5.1 gm. of L-tryptophan in 
25 cc. of M NaOH at 0°, there were added with sonling and shaking 4.2 gm. 
of carbobenzoxy chloride and 25 ce. of mM NaOH. 1 hour after the last 
addition, the solution was acidified to Congo red with 5 m HCl... The com- 
pound crystallized in rosettes of fine elongated plates. Yield, 8.3 gm. In 
various experiments, the yield ranged from 85 to 98 per cent of theory. 
After recrystallization from ethyl acetate-petroleum ether, the melting 
point was 126°. 


CigH,sO.N». Calculated. C 67.4, H 5.4, N 8.3 


Carbobenzoxcy-L-lry plophyl Chloride—To a suspension of 7.6 gm. of carbo- 
benzoxy-L-tryptophan in 100 ec. of anhydrous ether at 0°, there were added 
5.4 ¢m.of PCl;.  Atter cooling and shaking for about 30 minutes, the acid 
chloride crystallized spontaneously in a solid mass of elongated fine needles. 
About 200 ec. of cold anhydrous petroleum ether were added, and the mix- 
ture stirred for a few minutes. The compound was filtered, washed with 
petroleum ether, and air-dried for 20 minutes on a porous plate. The vield 
was quantitative. Mp. 75° with decomposition. The compound is ex- 
tremely insoluble in ether, petroleum ether, and water. It is readily soluble 
in ethyl acetate which was used as the solvent in various coupling reactions. 

Carbobenzoxry-L-try ptophylglycine—— The above acid chloride was added in 
10 ec. of ethyl acetate to a solution of 2 gm. of glycine in 25 ec. of m NaOH 
at O° with an additional 20 ec. of m NaOH. The aqueous solution was 
washed with ethyl acetate and acidified to Congo red with concentrated 
HCl. Yield, 6.7 gm. Triangular plates were obtained after recrysiallizs- 
tion from ethyl acetate-petroleum ether: m.p. 156° 


Calculated. 63.8, li 5.4, N 


Carbobenzoxry-L-iry plophyl-1.-alanine. “This was prepared as described for 
the above glvcine compound with the acid chloride from 3.4 gm. of earbo- 
benzoxy-L-tryptophan and | gm. of L-alanine. Yield, 4.0 gm. The com- 
pound was obtained as long needles with the correct composition after 


N 14.2 
14.2 
10.7 
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recrystallization from ethyl acetate-petroleum ether. M.p. 93-99°. After 
recrystallization from hot water, the melting point rose to 165°. 


Cool Calculated. C 64.6, H 5.7, N 10.3 
409.4 Found. * 


Carbobenzoxy-L-try plophyl-L-proline— This was prepared as for the above 
compounds with the acid chloride from 3.4 gm. of carbobenzoxy-L-trypto- 
phan and 1.2 gm. of L-proline. Yield, 4.4 gm. The substance was recrys- 
tallized by slow addition of petroleum ether to an ethyl acetate solution of 
the compound. The product gave the correct analysis but had a poor 
melting point. After recrystallization from methanol-water, the compound 
melted at 128-130°. 


CaH.;O;N3. Calculated. C 66.2, H 5.8, N 9.7 


Carbobenzory-L-try ptophyl-.-try ptophan ~Vhe coupling was pertormed as 
above with the acid chloride from 3.4 gm. of earbobenzoxy-L-tryptophan 
and 2.0 gm. of L-tryptophan. The sodium salt immediately crystallized as 
fine needles from the alkaline solution. On acidification to Congo red, 5.2 
gm. of needles were obtained. The compound was dissolved in a mixture 
of warm ethyl acetate and methanol; it crystallized on addition of petroleum 
ether. M.p. 207° with slight decomposition. 

CyoH2sO;Ny. Calculated. C 68.7, H 5.9, N 10.7 
524.6 Found. “ 68.6, 5.5, 10.6 


Carbobenzoxry-L-try plophyl-L-tyrosine—This was prepared in the same 
manner with 1.8 gm. of L-tyrosine. The aqueous suspension of the insolu- 
ble sodium salt was acidified, and the compound was taken up in ethyl 
acetate. The solvent was evaporated in vacuo, and the substance solidified 
on standing with water. Yield, 1.7 gm. The product softened in the 
neighborhood of 90-100°, and melted poorly at about 135- 140° with de- 
composition. 

Calculated. C 67.1, 5.4, N 8.4 
501.5 Found. 


Carbobenzoxy-DL-try plophan—-This was prepared in the same manner as 
the L compound described above. The melting point was 169--170° for the 
racemic compound as compared to 126° for the L-derivative. 


Calculated. C 67.4, H 5.4, N 8.3 


acid -To a solution of 6.7 
gm. of thiazolidine-4-carboxylic acid (11) in 50 ec. of M NaOH at 0°, there 
were added in portions with cooling and shaking an additional 60 cc. of M 
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NaOH and an ethereal solution of carbobenzoxyglycyl chloride prepared 
from 12.6 gm. of carbobenzoxyglycine. Half an hour after the final addi- 
tions, the solution was washed with ether and acidified to Congo red with 
concentrated HCl. The substance was extracted into ether, dried, and 
concentrated tm vacuo. Crystals were obtained on standing with a small 
volume of ether in the cold. Yield, 7.6 gm. ‘The compound was obtained 
as plates on recrystallization from hot ethyl acetate; m.p. 109-110°. An 
additional crop of crystals of lower melting point (103—106°) was obtained 
by addition of petroleum ether to the mother liquor. 


CH OsN28. Calculated. C 51.8, H 5.0, N 8.6,S 9.9 
324.4 Found. 624" 


SUMMARY 


1. Crystalline pancreatic carboxypeptidase hydrolyzes carbobenzoxy-.- 
tryptophylamino acids about 3 times more rapidly than the corresponding 
glycyl compounds. Carbobenzoxyglycyl-L-phenylalanine is hydrolyzed by 
this enzyme about 2.6 times more rapidly than carbobenzoxyglycyl-L-tryp- 
tophan. The hydrolysis of various tryptophan substrates under standard 
conditions proceeds with the kinetics of a zero order reaction, in contrast to 
the first order reaction usually found with similar derivatives of other amino 
acids. | 

2. The synthesis of carbobenzoxy derivatives of tryptophan and trypto- 
phan peptides and of carbobenzoxyglycyl-L-thiazolidine-4-carboxylie acid 
is described. 
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A COMPARISON OF THE INFLUENCE OF 2,4-DINITROPHENOL 
ON THE OXYGEN CONSUMPTION OF RAT BRAIN 
SLICES AND HOMOGENATES* 


By CLARENCE NORMAN PEISS anp JOHN FIELD 


(From the Department of Physiology. Stanford University School of Medicine, 
Stanford University, California) 


‘Received for publication, March 17, 1048) 


It is well established that the oxygen consumption of various types of 
intact cells is augmented when low concentrations of 2,4-dinitrophenol 
(DNP) or certain other substituted phenols are added to the medium in 
which the cells are suspended. Shghtly higher concentrations depress 
oxygen consumption. This has been shown for yeast (1-6), luminous 
bacteria (7), various marine eggs (8-14), orthopteran embryos (15), mam- 
malian sperm (16-19), and several amphibian (20) and mammalian (21-25) 
tissues. Similar observations have been reported in some studies on 
glycolysis (cf. (26)). The augmentation phase of the concentration-action 
eurves (cf. (27)) which depict the effect of graded concentrations of DNP 
(and certain other substituted phenols) on oxygen consumption appears 
to depend upon factors associated with cell structure or rendered inactive 
by dilution (cf. (28)), because it has not been observed in cytolyzed mate- 
rial (29) or in cell-free preparations of various enzymes directly concerned 
in cell respiration (13, 30-382). Recently Reiner (33) has described a rat 
brain homogenate, reinforced with the known co-factors of glycolysis and 
with nicotinamide, cytochrome ec, and fumarate, which is capable of oxidiz- 
ing glucose. Moreover Reiner has defined the conditions for maximum 
activity in this system. In order to obtain further information regarding 
the action of the substituted phenols in augmenting cell respiration, which 
is still imperfectly understood (26, 34, 35), we have compared the influence 
of graded concentrations of DNP on the oxygen consumption of rat brain 
slices and homogenates with glucose as the fuel in each case. ‘The results 
are presented in this paper. 


Tissue was obtained from twelve adult albino rats of the Slonaker-Wistar 
strain. After decapitation the brain was rapidly excised and placed in a 
small chilled beaker standing in a tray of cracked ice. Beaker and tray 
were transferred to a moist cold box (36). The brain was then removed 


* Supported in part by a grant from the Medical Kesearch Fund of Stanford 
University Schoo! of Medicine. 
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from the beaker and placed on a paraffined stopper. Adherent blood was 
removed with filter paper and meningeal tissue was stripped off with bone 
forceps. Cerebral cortex slices were prepared by the Lucite templet method 
(37) by means of a clean, dry safety razor blade (38, 39). ‘Tissue sections 
were removed from the cutting blade with fine forceps, and placed in a 
Petri dish which stood on the surface of a tray of cracked ice. This dish 
was kept humid by means of a piece of filter paper moistened with Ringer’s 
solution which was stuck on the under surface of the lid. The lid was so 
placed that the dish was partly open to receive tissue. The slices were 
urranged in a number of small piles corresponding to the number of flasks 
to be loaded. When a suitable quantity of tissue was on hand, the dish 
was closed and the ice tray and dish were removed from the cold box. The 
slices were rapidly weighed on a micro torsion balance. The usual load 
placed in a 15 ml. respirometer flask was about 50 mg. of wet weight. 
Control experiments showed that with sample weights ranging from 20 to 
9) mg. respiration varied directly with tissue weight. Aliquot samples 
(duplicate or triplicate) were placed in small weighing bottles and dried to 
constant weight in an electric oven at 105°. After loading with tissue, the 
respirometer flasks, which already contained the necessary solutions 
(chilled), were attached to the corresponding manometers and oxygenated 
at room temperature. ‘They were then placed in a water bath maintained 
at 37.5° + 0.01. By this procedure the brain tissue is kept in a cold 
moist environment trom the time of excision until adequate oxygen is 
available. “Thus imbalance between the anaerobic and aerobic aspects of 
metabolism is minimized (40). The suspension medium was Ixrebs’ Ringer- 
phosphate, pH{ 7.35, containing 0.011 mM glucose. The gas phase was 
oxygen. Results are expressed in the conventional Q notation. Thus Qo, 
denotes microliters of oxygen consumed, measured under standard condi- 
tions, per mg. of dry weight of tissue per hour. 

The homogenates were prepared by means of an all glass Potter-Elvehjem 
(28) homogenizer in ice-cold double distilled water. The system for the 
homogenate work was essentially that of Reiner (33). The following 
constituents were used in the final (vessel) concentrations given: glucose 
0.028 mM, hexose diphosphate (HDP) 0.005 m, adenosine triphosphate (ATP) 
0.0007 mM, coenzyme I (DPN) 0.001 M, potassium fumarate 0.0016 M, 
nicotinamide 0.04 M, magnesium chloride 0.008 mM, cytochrome ¢ 0.00006 M, 
KH.POy-KeHPO, buffer, pH 7.4,0.04m. The HDP, ATP, and DPN were 
commercial preparations from the Schwarz Laboratories. The former two 
were supplied as the barium salts and were converted to the potassium salts 
shortly before use. Potassium fumarate was prepared by neutralizing 
fumariec acid with potassium hydroxide. Cytochrome c was a commercial 
preparation (Treemond). All solutions were freshly prepared before each 
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experiment. Suitable concentrations of 2,4-dinitrophenol (DNP) were 
made up in Krebs’ Ringer-phosphate for the tissue slice experiments and 
in 0.04 m phosphate buffer, pH 7.4, for the homogenate runs. When used, 
DNP was added from the side arms of the respirometer flasks 30 minutes 
after the end of the thermoequilibration period, thus allowing each prepara- 
tion to serve as its own control for the initial 30 minutes. In all cases 
steady states of oxygen consumption were observed during the control 
period. On addition of DNP the maximum effect was very rapidly at- 
tained and remained at the same level of intensity for a considerable time. 
The degree of augmentation or inhibition was calculated from steady state 
data before and after addition of DNP. 


Results 


The effect of graded concentrations of DNP on the oxygen consumption 
of rat cerebral cortex slices in Krebs’ Ringer-phosphate solution and of 
reinforced rat brain homogenate in phosphate buffer at 37.5° is shown in 
Fig. 1. An arbitrary value of 1.00 has been assigned to the rate of respira- 
tion during the control period (before addition of DNP). It is evident 
from inspection of Fig. 1 that under the conditions of these experiments 
the respiration of cerebral cortex slices was augmented in the presence of 
concentrations of DNP ranging from 4.46 & 10°* to 8.92 & 10-° M and was 
depressed by concentrations of 1.12 & 10°‘ or higher. In the rat brain 
homogenate the picture was quite different. The concentrations of DNP 
which augmented respiration in the slices, z.e., 4.46 10°* to 8.92 10-°M, 
inhibited oxygen consumption in the homogenate, the degree of inhibition 
increasing as the concentration of DNP rose. It seemed possible that 
an augmentation phase in homogenate respiration might occur at lower 
levels of DNP than in the slice. ‘To sce whether this was so we examined 
the effect of graded concentrations of DNP ranging down to 1.11 * 10-* M. 
No augmentation phase was found. Concentrations of DNP below 4.46 
10 © m did not influence homogenate respiration. ‘Thus when oxygen 
consumption is measured, with glucose as fuelstuff, the concentration- 
action curve of NP is diphasic for cerebral cortex slices, which are essen- 
tially preparations of intact cells, and monophasic for brain homogenates, 
in Which practically no intact cells were found on microscopic examination 
(although many apparently undamaged nuclei were present). 

There is one interesting feature of the data which is not brought out in 
Fig. 1 where the values of respiration are given on a relative basis. ‘This 
feature is the striking similarity between the maximum rate of respiration 
in cerebral cortex slices in the presence of DNP (in ‘‘optimum”’ concentra- 
tions for respiration) and the respiratory rate in homogenates without 
DNP. Thus the rate of oxygen consumption of cerebral cortex slices in 
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Fic. 1. Concentration-action curve showing relative oxygen consumption of 
cerebral cortex slices (@) and reinforced brain homogenates (©) as a function of the 
concentration of 2,4-dinitrophenol. An arbitrary value of 1.00 has been assigned to 
the control rate (no dinitrophenol] present). For details see the text 
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Fic. 2. Block diagram to illustrate the effect of the concentration of 2,4-dinitro 
phenol usually evoking maximum increase in the respiration of cerebral cortex slices 
on the respiration of such slices and of reinforced brain homogenates. Blocks with 
horizontal and vertical bars represent Qo, values of cerebral cortex slices and brain 


homogenates respectively. 


No dinitrophenol was present in the controls. 


the presence of optimum concentrations of DNP corresponded to Qo, 
values of 17.5 to 19.9, while in homogenates the Qo, during the control 
period (before addition of DNP) ranged from 16.4 to 20.4 with a mean of 
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17.7 (twenty-six runs). In other words the two systems appeared to have 
approximately the same respiratory ceiling. This is shown in Fig. 2. 

It must be pointed out that the comparison drawn in Fig. 2 is not a 
simple one. It involves two quite different systems. On the one hand 
we are dealing with cerebral cortex slices, consisting mostly of intact cells, 
suspended in an “extracellular phase’? medium (ef. (38, 41)), in the presence 
of optimum concentrations of DNP; on the other hand with a system made 
up of disintegrated cells, with considerable dilution of cellular material 
(28), present In an approximation of an ‘intracellular phase’’ medium 
(38, 41) and reinforced with various factors important in glycolysis and 
respiration. However, in the nature of the case no single medium could 
be used for this comparison (cf. (38)). It should be noted that the homog- 
enate used was the “complete system’”’ of Reiner (33) in which it appears 
that the conditions are such as to reveal the full potential respiratory 
capacity of brain tissue (33). It seems to us that the similarity in respira- 
tory rate between this system and cerebral cortex slices in the presence of 
optimum concentrations of DNP is more likely to be meaningful than 
fortuitous. 


DISCUSSION 


Three major groups of observations bearing on the mechanism of aug- 
mentation of cell respiration by DNP are reported in this paper. These 
are (1) that optimum concentrations of DNP raise the rate of respiration 
in cerebral cortex slices to about the same level as in brain homogenates 
without DNP but reinforeed to exhibit maximum respiratory activity 
(with glucose as the fuelstuff in each case); (2) that no augmentation of 
respiration is obtainable, under the conditions of these experiments, when 
DNP is added to homogenates; (3) that concentrations of DNP which 
augment the respiration of cerebral cortex slices produce a slight depression 
of respiration in homogenates. 

On the basis of these observations it is suggested as a tentative working 
hypothesis that augmentation of cell respiration by DNP is due to inhibi- 
tion of an enzyme “‘brake’’ or regulator (cf. (42) p. 178) by this agent; 
.¢., that it is a matter of ‘“‘deinhibition” rather than ‘“‘stimulation.” In 
so far as respiration itself is concerned the action of DNP appears to be 
uniformly inhibitory as shown by its effect on this process in the homoge- 
nate. Failure to observe augmentation of respiration in the homogenate 
treated with DNP may well be due to loss of the regulator by the dilution 
effect (cf. (28)) during preparation. The high respiratory rate of the un- 
treated homogenate is in consonance with this suggestion. 

The view that DNP and substituted phenols of like effect may increase 
cell respiration by inhibition of a regulator is not new (cf. (25, 30)). How- 
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ever, this view has been both strengthened and somewhat modified by the 
evidence presented here. Thus the hypothesis is supported by the observa- 
tion that the ceiling for respiration is about the same, with glucose as a 
common fuelstuff, for intact brain cells in the presence of an optimum 
concentration of DNP and for brain homogenates containing no DNP, 
prepared so as to exhibit apparently maximum activity. It is modified 
by the observation that concentrations of DNP which augment respiration 
in the intact brain cell slightly inhibit respiration in the brain homogenate 
so that the augmentation phase represents the algebraic sum of the effeet 
of inhibition of the regulator and of the respiratory process rather than 
simply inhibition of the former. In a tissue in which the latter effect pre- 
dominates there would be no augmentation phase. 

The view that augmentation of tissue respiration by DNP is basically 
an inhibitory phenomenon introduces unity into the concept of the bio- 
logical activity of this substance and the substituted phenols having qualita- 
tively similar effects. In general these agents inhibit enzyme activity, 
and the augmentation of the exergonic (43) processes, respiration and fer- 
mentation (cf. (26)), by low concentrations of DNP and the like was a 
unique and anomalous aspect of their action. Concentrations of the sub- 
stituted phenols which augment or do not depress cell respiration appear 
to decrease the energy available for assimilation or work (cf. (84)). Thus 
such concentrations inhibit division in fertilized Arbacia eggs (8-13), 
multiplication of veast (44), and growth and development in the frog (45), 
in a teleost (46), and in Drosophila (47). They also inhibit assimilation 
of carbohydrate (48) and of protein (49) in various types of cells, phosphate 
turnover (49), motility in sperm (16-18), ciliary movement in Arenicola 
larvae (50), and voluntary activity in the rat (51). 

While a fair case can be made for the view that the effect of DNP and 
substituted phenols of like action is always inhibitory on the enzyme level, 
the evidence is only presumptive, not conclusive. The hypothesis would 
be much strengthened if the regulator could be identified, as in the case of 
the hexokinase reaction studied by Cori and Cori and their associates 
(52, 53). It might then be possible to depress the respiration of homoge- 
nates by addition of the regulator and to relieve this inhibition by addition 
of DNP. It is planned to deal with these questions in a subsequent in- 
vestigation. 


SUMMARY 


1. The oxygen consumption of rat cerebral cortex slices in’ Krebs’ 
Ringer-glucose solution is augmented when sufficient 2,4-dinitrophenol is 
added to the medium to give concentrations ranging from 4.46 * 10~-* to 
8.92 * 10-5 m. Higher concentrations of DNP depress respiration. 
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2. Concentrations of DNP which augment respiration in cerebral cortex 
slices cause a slight inhibition of oxygen consumption in reinforeed brain 
homogenates. Higher concentrations of DNP cause more marked inhibi- 
tion. Concentrations of DNP lower than those augmenting respiration 
in cerebral cortex slices have no effect on homogenate respiration. 

3. Concentrations of DNP evoking maximum increase in the respiration 
of cerebral cortex slices bring the oxygen consumption of the slices to about 
the same level as in reinforced homogenates untreated with DNP. 

4. It is suggested that augmentation of cell respiration by DNP is a 
matter of “deinhibition”’ rather than “‘stimulation,’’ and that the essential 
feature of the augmentation is inhibition of an enzyme “brake” or regulator. 
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XXVIII. THE STRUCTURE OF JERVINE 
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Since the previous communication (1) on jervine, new observations have 
been made which, with reinterpretation of some of the earlier data, now 
permit of certain conclusions in regard to its structure. Most satisfactory, 
as presented in Formula I, is that of a 3(3)-hydroxy-11-keto-A>§®- 
steroidal base in which the secondary basic group is contained on the iso- 
octyl side chain. The probable oxidic linkage appears also to be attached 
at least in part to the side chain but its exact location remains to be de- 
termined. 

In the course of the earlier work to identify the double bond still present 
in dihydrojervine the attempt was made to convert this derivative, as 
with jervine itself, with aluminum tert-butoxide to the A*t-ketone and the 
latter in turn with aluminum isopropoxide to a possible A‘-dihydrojervine. 
The last stage yielded a number of fractions of a crystalline hydrochloride 
which gave no Rosenheim test or only a weak one with trichloroacetic acid. 
At the time this appeared to support the possibility of hydrogenation of the 
A} double bond of jervine in the formation of dihydrojervine. However, 
other evidence has since been accumulated which makes this untenable. 
Much more clear cut was the experience with 8-dihvdrojervinol (For- 
mula IV) in which the carbonyl group of dihvdrojervine has been reduced 
with sodium and butanol (1). Vhe ditivdrojervine (Formula IT) used for 
reduction to 8-dihydrojervinol was first treated with HCl to remove con- 
taminating jervine by isomerization. 6-Dihvdrojervinol was smoothly 
converted by the Oppenauer method to the ervstalline At-3-keto derivative 
CyHyOsN (Formula V) which readily vielded an oxime. The ultraviolet 
absorption spectrum obtained with the A*t-ketone is shown in Fig. 1, 
together with that of the original 6-dihydrojervinol. ‘The ketone was in 
turn readily reduced with aluminum isopropoxide to the erystalline A‘-3- 
hydroxy derivative Co;HyOsN which, contrary to 3-dihydrojervinol, now gave 
a pronounced Rosenheim reaction (Formula VI). No attempt has been 
made as yet to determine the configuration of the 3-hydroxyl group of the 
substance isolated or to separate possible epimers, if a mixture. However, 
the product was isolated in several fractions which closely agreed in 
properties. 
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This series of reactions parallels the experience with jervine itself and 
with other 3-hvdroxy-A®-steroids. It has been assumed that the original 
carbonyl group of jervine as such, or after its reduction with sodium to 
hydroxyl, has not participated in these reactions. This was especially 
indicated by the general unreactivity of the carbonyl group of jervine, 
Aside from its reduction with sodium, this inertness was shown by the 
failure of all more recent attempts to cause it to react with ketone reagents, 
Similarly jervine was recovered unchanged after the usual treatrnent with 
aluminum isopropoxide. This behavior strongly indicates a CO group at 
position 1] (2,3). As a possible additional check for the 11-keto group, 
the behavior was studied of the ease of acylation of the OH group formed 
from it by reduction. However, 3-dihydrojervinol in pyridine at room 
temperature with acetic anhydride yielded quite readily \-acety/ldihydro- 
jervinol diacetate. As in the case of sarmentogenin this ease of acylation 


HO HO HO 
HO H 
IV V Vi 


indicates a less hindered configuration for the new hydroxyl group (3) 
than that found with the adrenal 11-hydroxy steroids (2). 

In the earlier paper absorption spectrum studies with dihydrojervine 
were discussed. Due to the abnormal results obtained, the possibility of 
contamination with unchanged jervine was considered but discarded be- 
cause of the failure of repeated attempts to change these results by certain 
purification procedures. However, this has since been tound to be incor- 
rect by the use of a relatively large amount of catalyst for the first step in 
the hydrogenation of jervine. A dihydrojervine was obtained with proper- 
ties essentially as previously recorded with the exception, however, that 
the ultraviolet absorption data obtained with it (Fig. 1) now no longer 
showed the strong absorption in the shorter wave-lengths. The curve 
closely resembles that previously obtained from dihydrojervine which had 
been recovered after treatment with HCI to remove possible contamination 
with jervine. However, the presence of some absorption in the shorter 
wave-lengths suggests the persistence of slight contamination. The peak 
which persists at about 300 mu is due to carbonyl group absorption. 


| 
J 
A A 
| 
| 


W. A. JACORS AND Y. SATO 59 


In view of the normal behavior of §-dihydrojervinol, we returned to a 
study of dihydrojervine in which the same acid-treated material was used. 
With aluminum tert-butoxide and acetone a product resulted which was 
purified through alumina and gave in good vield a rather low melting (131- 
132°) crystalline substance. The ultraviolet absorption spectrum of the 
latter (Fig. 1), contrary to that of dihydrojervine, now yielded the absorp- 
tion to be expected of A'-dthydrojgervone as shown in the partial Formula IIT. 


220 240 260 280 300 320 340 360 


Fic. 1. © = dihydrojervine; @ = A*-dihydrojervone; + = A‘-8-dihydrojervonol; 
x = B8-dihvdrojervinol: all in ethanol. 


The latter was turther characterized by its oxime. ‘The next step with 
aluminum isopropoxide, however, again gave ambiguous results. The 
reaction produet isolated as the base in a number of crystalline fractions 
failed in largest amount to give the expected Rosenheim test. Only a 
very small fraction was obtained which gave a sufficiently strong, although 
abnormal, color with trichloroacetic acid. In addition, analytical dis- 
crepancies (0.5 to 1 per cent high in C) persisted in attempts to characterize 
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the various fractions. Because of these difficulties a report of the experi- 
mental details of this part of the investigation will be deferred, pending 
the outcome of a further study planned to explain the anomalous results. 

In the course of our work a personal communication was received from 
D. H. R. Barton who correctly questioned the earlier abnormal ultraviolet 
absorption curve attributed to dihydrojervine (and since rejected by us) 
as being due to a At*-ketonic type of absorption. He also called attention 
to previously published data of this laboratory (1) as follows: If one cor- 
rected for possible contamination of the dihydrojervine used with about 4 
per cent of jervine, its molecular rotation would be —3841°. Since that 
observed with tetrahydrojervine was — 90°, the observed change in molecu- 
lar rotation Was +251° on passing from the former to the latter. Similarly 
from our data the hydrogenation of 8-dihydrojervinol with its molecular 
rotation of —17° to tetrahydrojervinol of molecular rotation +211° shows 
a change of +228°. Both of these results approximate the change in 
molecular rotation of +240° shown by Barton (4) to be characteristic for 
the hydrogenation of a A®-steroid bond. 

We have also found that the expected 8(3)-hydroxy! as well as the 
A®-stenol character of jervine which does not form an insoluble digit onide 
has been confirmed by the application of the method of Barton (5) to 
N-acetyljervine = —118.5° (e = 1.07 in chloroform)). com- 
parison of the molecular rotation of the latter with those of N-acetyljervine 
acetate, [al = = —114° = 1.08 in chloroform), and \-acetyljervine 
benzoate, [a], = —81° (¢ = 0.96 in chloroform), has shown that the 
molecular rotations are respectively —553°>, —5S80°, and — 163°, or a Ay 
of —27° and a Ay of +91°. Vhe Ay and Ay values of Barton are respec- 
tively —35° and +S81°. 

The persistence of the A® bond in g-dihydrojervinol (and also in a-dihy- 
drojervinol) shows that this bond in dihydrojervine and jervine resists 
reduction with sodium and thus conforms to the behavior of the usual 
3-hydroxy-A°*-steroids first shown with cholesterol itself (6, 7). 

In earlier work it was found that the highly hydroxylated tertiary bases 
cevine (8), germine (9), and protoverine (10) are reduced with sodium to 
dihydro bases. Since this differs from the usual behavior for a A®-stenol, 
a recent check was made on the behavior of rubijervine, isorubijervine, 
and solanidine. As was to be expected, they were not reduced by this 


method.! A further difference between the cevine group and the simpler 


bases as already recorded was the resistance of the former to the usual 
hydrogenation procedure (except in the case of cevine with nickel). How- 
ever, after isomerization with alkali to iso bases (9, 10), presumably due 


1 The statement previously made ((1) p. 639, paragraph 2) conveys an incorrect 
and unintended meaning in this regard and should be discarded. 
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to a bond shift, such hydrogenation readily occurred. It is probable that 
these natural polyhydroxy bases are A**-stenols and the iso bases are 
A" derivatives. A suggestion of this was seen by the use of the method of 
molecular rotation differences of Barton (11). 

On passing from isogermine of [a]” = —46.5° (ec = 1.01 in 95 per cent 
ethanol) to the value recently found for dihydroisogermine of [a]?’ = 
—51.4° (¢ = 1.01 in 95 per cent ethanol), a A of —26° is obtained which 
agrees with the A value of —24° given by Barton for a A™-stenol (8-stenol). 


A similar result, vz. A = —27°, is obtained by using the rotations of these 
substances found in pyridine respectively of [ce “8 = —56° (c = 1.00) and 
= —61° (ec = 0.95). 


With isoprotoverine and dihydroisoprotoverine (10), because of sparing 
solubility, the previously reported rotations were taken only in pyridine. 
A more recent value for the former also in this solvent was [a]?2 = —44° 
(c = 0.94) and the rotation for dihydroisoprotoverine recalculated for the 
dried substance was [a]*” = —53°. From these figures the value obtained 
for A is —48°. Although not as close as in the case of isogermine to the 
above A value, it also suggests a 8-stenol type for isoprotoverine. 

As a final point, the identity of the groups involved in the isomerization 
of jervine with acid to isojervine becomes of interest. Previously (1) 
the possibility of the formation of a new hydroxyl group by cleavage of 
the oxidic grouping was discussed. However, the stability of dihydro- 
jervine to acid and the ready acetylation of the new hydroxyl group of 
isojervine to form an N-acetylisojervine diacetate (1) suggest that iso- 
jervine may result from the enolization of the 11-CO group and conjugation 
of the new double bond to form a possible benzenoid Ring B. Although the 
latter is supported by the resistance of isojervine to hydrogenation, its 
previously published ultraviolet absorption curve does not conform to a 
simple benzenoid type. The study of this question will therefore be con- 


tinued. 


EXPERIMENTAL 


At-3-Dihydrojervonol- -For the material used in this study 6 gm. of dihydro- 
jervine obtained by the hydrogenation of jervine were treated with 
methanol (75 ec.) saturated with HCI at 0° and the paste of hydrochloride 
was allowed to come to room temperature. After an hour the salt was 
collected with a small amount of methanol and then decomposed with 
aqueous alkali for extraction with chloroform. After removal of solvent 
the dihydrojervine was crystallized from methanol. This material was 
reduced as previously described in butanol with sodium. The 8-dihydro- 
jervinol obtained after recrystallization melted sharply at 283.5-286°. 

1.8 gm. were refluxed with 7.2 gm. of aluminum tert-butoxide dissolved 
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in a mixture of 170 cc. of benzene and 60 cc. of acetone for about 4 hours, 
After decomposition with dilute alkali the product was extracted with 
chloroform. The resin obtained by concentration of the washed and dried 
extract was dissolved in 50 ec. of acetone and allowed to stand for several 
days. 0.19 gm. of 3-dihydrojervinol which crystallized was recovered. 
The mother liquor on concentration to 10 ce. vielded a crust of heavier 
erystals. After several hours this was collected with cold acetone. 0.9 gm. 
was obtained which sintered at 211° and melted at 219 223°. It separated 
without solvent as micro platelets on addition of ether to the benzene solu- 
tion and after slight preliminary sintering melted at 221.5 223.57. 


(4.7H,,0;N. Caleulated, C 75.82, H 9.67; found, C 75.56, H 9.42 


The oxime was obtained in methanol solution with hydroxylamine hydro- 
ehloride and sodium acetate. The diluted mixture was made alkaline and 
extracted with chloroform. The oxime separated from 50 per cent meth- 
anol as flat micro needles which lost birefringence at 286-292>. 


Co;H,O;N.. Caleulated, C 73.24, H 9.57; found, © 73.57. He 9.50 


A‘-3-Dihydrojervinol-0.3 gm. of A‘-3-dihydrojervonol was dissolved in 
benzene and the solution was concentrated 7m vacuo to dryness to insure 
removal of all solvent. The residue was treated with a solution of alu- 
mnum isopropoxide in 25 ce. of isopropanol prepared from 1 gm. of alu- 
minum. After refluxing for 2 hours, an additional 15 ce. of isopropanol 
were added and the mixture was very slowly distilled until the distillate 
no longer gave a Legal test. The mixture was further concentrated to 
small volume and, after cooling and decomposition with excess dilute 
NaOH, it was extracted with chloroform. The latter yielded on concen- 
tration a resin which was dissolved in methanol followed by caretul dilution. 
When crystallization once began it was greatly aided by warming and 
formed a crust of small platelets. This fraction of 90 mg. on recrystalliza- 
tion from dilute methanol formed almost rhombic wedge-shaped aggre- 
gates of micro platelets which melted at 246-248” and were anhydrous. 
It gave a gradually developing pronounced deep purple color with tre 
chloroacetic acid. 


aly = +54.5° (© = 1.03 in chloroform) 
Caleulated. C 75.46, H 10.10 
Found. (a ‘* 75.16, ** 10.00 


The mother liquor of the above fraction contained most of the material 
and, although further dilution caused crystallization, it was found preter- 
able to reextract with chloroform. [he concentrated chiorotorm solution 
on addition of benzene caused a copious crystallization of aggregates ol 
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pointed platelets which contained 1 mole of solvent. This fraction (0.16 
gm.) melted at 243-246° and gave a Rosenheim test indistinguishable 
from the first fraction. lor analysis it was dried at 110° and 0.2 mm. 

fel, = +66° (c = 0.80 in chloroform for dry substance) 


Caleulated, CsH, 15.38; found, 14.97 
Caleulated, C 75.46, H 10.10; found, C 75.67, H 10.10 


The hydrochloride separated from methanol ether as aggregates of micro 
platelets which sintered progressively above 235° and melted at 272-275° 
(uncorrected). 

For analysis it was dried at 110° and 0.2 mm. 


CorH ygO2NCl. Caleulated, C 69.56, H 9.52; found, C 69.63, H 9.57 


A‘-Dihydrojervone —-D.5 gm. of dried dihydrojervine was refluxed for 5.5 
hours with 1.2 gm. of aluminum tert-butoxide in a mixture of 18 ec. of 
benzene and 9 ec. of acetone. At first almost clear, the mixture gradually 
showed considerable deposit which later became somewhat colored. After 
dilution and treatment with excess alkali, the mixture was extracted with 
chloroform. ‘The washed and dried extract was concentrated and then 
repeatedly concentrated with benzene and, finally, in vacuo. However, 
the residue remained an oil. This was dissolved in 5 ee. of benzene and 
chromatographed at first with this solvent through 12 gm. of an active 
alumina. When material began to appear it was collected in 5 ec. portions. 
The first few fractions yielded an appreciable oily residue which smelled 
of acetone condensation products but from Fraction 5 vielded crystalline 
material. After Fraction 12 the solvent was changed to 0.5 per cent 
methanol in benzene to facilitate the otherwise very gradual elution. Fol- 
lowing an interpretation of the general course of the elution and ease of 
crystallization, Fractions 26 to 38 inclusive were joined. On concentration 
in vacuo 0.28 gm. of a resin was obtained. On careful dilution of the 
acetone solution it gradually vielded a copious mass of needles which were 
collected with acetone-water (1:2). 0.195 gm. was obtained which melted 
at 122-128°. After reerystallization from dilute acetone it formed aggre- 
gates of needles which contained little solvent and melted sharply at 
131-132°. It was readily soluble in the usual organic solvents. 


CorsH.O.N. Caleulated, C 76.18, H 9.24; found, C 76.62, H 9.37 


From later fractions, especially after changing to 1 per cent methanol, 
a very small amount of unchanged dihydrojervine was recovered. 

The oxime was prepared by refluxing the methanol solution of 28 mg. 
with 60 mg. of hydroxylamine hydrochloride and 0.2 gm. of sodium acetate. 
After 3 hours the concentrated solution was treated with excess ammonia 
and diluted before the sparingly soluble hydrochloride could separate. 
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The oxime separated as delicate needles. 24 mg. were collected. It 
tended to separate from methanol or diluted methanol as a gelatinous 
precipitate. From the warm diluted solution it crystallized as micro leaf- 
lets which lost birefringence at 293-297°. 


Caleulated, C 73.58, H 9.15: found, C 73.30, H S.9S 


N-Acetyl-8-dithydrojervinol Diacetate—0.1 gm. of 8-dihydrojervinol was 
refluxed in 3 ce. of acetic anhydride for 3 hours. After removal of excess 
reagent the residue crystallized from methanol without solvent as micro 
platelets or needles which melted at 254-257°. 


Caleulated, C 71.30, H S.S9; found, C 71.20. 


A suspension of 75 mg. of 8-dihydrojervinol in 0.7 ce. of pyridine and 
0.35 ec. of acetic anhydride was shaken at room temperature until dis- 
solved and left for 20 hours. After repeated concentration in vacuo with 
benzene the residue was dissolved in methanol. From small volumes at 
0° successive fractions of 28, 21, and 30 mg. were obtained. ‘The first 
fraction (a) melted sharply at 256-257° while the second fraction (b) melted 
at 235-237°. The third fraction (c) melted again at 255-256". 

Found. (a) © 71.41, H 8.98 


N-Acetyljervine Benzoate—0).1 gm. of N-acetyljervine (12) in 2 cc. of 
pyridine was treated in the cold with 0.1 ce. of benzoyl chloride. After 
2 hours it was poured into excess cold dilute H,SO,. After hardening, the 
product was collected. It formed rosettes of needles from 95 per cent 
ethanol which, although free from solvent, appeared to melt partly at 
159-163° and then at 218—-223°. When taken a few days later, it melted 
only at 219-223”. 


CygHysOsN. Caleulated, C 75.61, HL 7.94; found, C 75.58, H 7.71 


All microanalytical work was performed by Mr. D. Rigakos of this 
laboratory. 


SUMMARY 


New observations with reinterpretation of previous data now permit of 
certain conclusions in regard to the structure of jervine. Most satisfac- 
tory is that of a 3(8)-hydroxy-11-keto-A®*\*'-steroidal secondary base in 
which the basie group is contained on the isooctyl side chain. ‘The prob- 
able oxidic linkage appears also to be attached at least in part to the side 
chain. 
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There is evidence that the highly hydroxylated tertiary veratrine bases 


cevine, germine, and protoverine are A*“'*’-stenols and that their iso 
derivatives are A™ derivatives. 
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TECHNIQUES FOR THE DEMONSTRATION BY CHROMATOG- 
RAPHY OF NITROGENOUS LIPIDE CONSTITUENTS, 
SULFUR-CONTAINING AMINO ACIDS, AND 
REDUCING SUGARS* 


By ERWIN CHARGAFF, CELIA LEVINE, anp CHARLOTTE GREEN 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, April 19, 1948) 


Separation methods employing chromatography on filter paper, origi- 
nally suggested for amino acids (1), are now being applied to the demon- 
stration of a variety of substances in minute amounts. In the course of 
studies on the composition of certain tissue constituents, especially lipides 
and lipoproteins, which will be described at a later date, several techniques 
for the separation and demonstration of lipide and protein constituents were 
developed. These procedures may find a varied application and are, 
therefore, presented briefly at this time. The methods described here for 
the demonstration of choline and of reducing sugars will possibly be appli- 
eable to the quantitative microestimation of these substances. 


EXPERIMENTAL 


Nitrogenous Constituents of Phosphatides 


The bases usually found in tissue phosphatides are choline, ethanolamine, 
and serine. ‘The presence in certain lipide fractions of other free or substi- 
tuted amines and amino acids, however, cannot be excluded in the light of 
previous studies presented from this laboratory (2). The separation experi- 
ments were carried out with test mixtures (containing 20 to 100 y of the 
individual components per run, 7.¢e. per 0.01 ec.) and with hydrolysates of 
tissue phosphatides, purified and freed of sphingosides as described previ- 
ously (2). The phosphatides were hydrolyzed by boiling with 6 ~ hydro- 
echloric acid for 24 hours and the chilled and filtered hydrolysis mixtures 
evaporated to dryness 7m vacuo. The solutions of the residues, which had 
been dried im vacuo over P.O; and KOH, were adjusted to approximately 
pH 7 and contained about | mg. of amino N per ce. Portions of 0.01 ce. 
of the solutions were submitted to unidimensional chromatography on filter 
paper strips 50 em. long (Schleicher and Schull No. 597) for 12 to 18 hours. 
Some of the solvent mixtures employed and the Rp values (1) of the bases 
are summarized in Table 1. 

In all experiments, one set of paper strips served for the identification of 

* This work Was supported by a grant trom the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 
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choline, and another was developed for primary amines. The presence of 
choline and its position on the paper were demonstrated by its conversion 
to choline phosphomolybdate, followed by the reduction of the latter to 
molybdenum blue; the primary amines were located by means of ninhydrin 
or by the appearance of fluorescent spots on the heated paper.! 

For the identification of choline (Solvents 2 to 4 in Tabie I), the papers 
were dried in air for 30 to 60 minutes and for the same length of time in an 
oven at 95°, spraved with a 2 per cent aqueous solution of phosphomolybdie 
acid, washed by immersion in a large volume of n-butanol for 5 minutes and 
then for the same period in running tap water, and finally dipped into a 
freshly prepared 0.4 per cent solution of stannous chloride in 8 N HCl, 
Clearly circumscribed blue spots indicated the position of choline. No 


TABLE 


Separation of Nitrogenous Phosphatide Constituents 


Rp valuest 


Solvent No. Solvent* 
Serine Choline thanolamine 

1 Phenol 0.35 0.43 

2 n-Butanol-morpholine (3:1) 0.11 0.30 0.51 

3 n-Butanol-dioxane (4:1) 0.14 0.26 0) .27 

4 _n-Butanol-pyridine (4:1) 0.05 0.24 0.25 


* The solvents, mixed in the volume proportions indicated, were saturated with 
water and the upper layers used for the experiments which were carried out at room 


temperature. 
t Proportion of the distances of the starting point from the adsorbate and from 


the solvent front (1). 


interference was noted by glucosamine, adenine, uric acid, or creatinine 
with butanol-morpholine as the solvent. 

For the demonstration of serine and ethanolamine, the papers were 
dried in air (Selvent 2) or at 95° (Solvents 1, 3, 4) for 30 to 60 minutes, 


sprayed with a 0.1 per cent solution of ninhydrin in n-butanol, and then 
heated at 95° for 5 to 15 minutes, in order to develop the colored spots.? 


! With respect to the fluorescence of amino acids and related substances, compare 
(3) and two brief notes (4,5) which appeared after the completion of the experiments 
reported here. 

2 By the application of the method presented here, acid hydrolysates of the total 
phosphatide fraction of beef brain, purified as described before (2), were found to 
contain, in addition t» ethanolamine, serine and choline, a hitherto unidentified 
constituent whose Rp value of 0.07 (in butanol-morpholine) placed it above serine. 
This substance, which is being investigated at present, gave the ninhydrin reaction. 
It was also found in a lipide preparation which, for further purification, had been 
precipitated from its saline suspension with acetone and subjected to prolonged 


dialysis. 
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Another procedure, particularly convenient when butanol-pyridine was em- 
ployed as the solvent, consisted in the production from the adsorbates, by 
heating at 95° for 90 minutes, of spots showing a well defined fluorescence 
under the light of a quartz lamp. 
Sulfur-Containing Amino Acids 

The principle for the detection of these amino acids is their ability to 
catalyze the oxidation of sodium azide by iodine, 2NaN; + I, = 2Nal + 
3N. (6,7). As little as 5 y of cysteine or cystine and 20 to 25 y of methio- 
nine could be demonstrated on filter paper by means of this reaction. 

The paper strips were, following the separation, dried for 30 minutes at 
95°, and sprayed with 0.05 N aqueous iodine containing 1.5 per cent of 
sodium azide. White spots on a light brown background indicated the 
position of the sulfur-containing amino acids. ‘The contrast was sharpened 
considerably when the observations were made in ultraviolet light. Cys- 
teine produced an almost immediate reduction of the iodine, cystine re- 
quired about 15 minutes, and methionine up to 60 minutes. 

When 0.01 cc. portions of test mixtures, containing (per cc.) 38 mg. each 
of cysteine and cystine and 6 mg. of methionine at pII 1, were subjected to 
separation with isobutyric acid (saturated with water) as the solvent, the 
following Rp values were found: cystine 0.26, cysteine 0.47, and methionine 
0.70. Similar values were obtained with cystine and methionine when solu- 
tions containing only one of the amino acids were subjected to chromatog- 
raphy and also when ninhydrin was the developing agent (1). Cysteine, 
however, appeared to be decomposed and oxidized in part in the course of 
the chromatography. The chromatogram of a freshly prepared cysteine 
solution of pH{ 1 showed, upon treatment with ninhydrin, three zones of 
adsorption with Py» values of 0.18, 0.28, and 0.48. That the last two corre- 
sponded to cystine and cysteine respectively could be demonstrated by the 
use of the iodine-azide reaction which was immediate for the fastest, some- 
what elongated component and required about 15 minutes for the middle 
adsorbate. The addition of a few KCN crystals appeared to diminish the 
oxidation of cysteine. When the cysteine solution was treated before 
chromatography with hydrogen peroxide in the arrangement of Dent (8), 
the cysteic acid produced gave no more iodine-azide test. 

Preliminary experiments with human fibrinogen revealed two zones of 
iodine reduction, corresponding to cystine and methionine, when 0.01 ce. 
of a hydrolysate (corresponding to about 800 y of the protein) was em- 
ployed. This amount of protein contained, according to analvses in the 
literature (9), about 9 y of cystine and 21 y of methionine. 

Reducing Sugars 


In the course of a study of the sugars present in hydrolysates of purified 
cerebroside fractions from brain and spinal cord (10), a chromatographic 
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separation method similar to the one first described by Partridge (11) was 
employed. Since the demonstration of the separated reducing sugars by 
means of ammoniacal silver nitrate (11) often gave equivocal results, it was 
replaced by a different development method, namely, the production of 
brightly fluorescent spots by condensation of the reducing sugars with 
m-phenylenediamine. This reaction, briefly mentioned by Feigl ((7) p. 
409), apparently is based on old observations on the formation of fluorescent 
substances from m-phenylenediamine and various aldehydes (12, 13). 

The papers were, following separation, dried in air or for « short time at 
105°, spraved with a 0.2 mM solution of m-phenylenediamine dihydrochloride 
in 76 per cent ethanol, and heated for 5 minutes at 105°. As little as 10 4 
of the individual sugars produced well defined fluorescent spots when 
viewed under a quartz lamp. Arabinose, xylose, and ribose gave very 
strong orange-yellow fluorescence; fucose, rhamnose, glucose, galactose, 
mannose, fructose, and sorbose produced a yellow fluorescence of varying 
intensity. The reactions given by galacturonic acid, glucosamine, maltose, 
and lactose were weak, but discernible; the reaction of ascorbic acid was 
very faint. Polvyhydroxy alcohols, such as sorbitol and inositol, did not 
react. 

The solvents that could be used alone or in mixtures without impairment 
of the production of fluorescence were -butanol, collidine, pyridine, and 
diacetone alcohol. Phenol, morpholine, diethylene glycol, and dioxane 
interfered with the reaction. 

In the investigation of the carbohydrates present in the cerebrosides of 
brain and spinal cord and in various lipide preparations isolated in the 
course of the fractionation of phrenosin and kerasin (10), the principal at- 
tention was directed to the distinction between galactose, which is the 
normal sugar constituent of cerebrosides, and glucose, found in the spleen 
cerebrosides in Gaucher’s disease (14). These two sugars run very near 
sach other in most solvents (11). The solvent mixture which was found 
best suited for the separation and the development was butanol-pyridine. 
| part (by volume) of pyridine was mixed with 1.5 parts of waterand3 parts 
of n-butanol. To the upper layer which separated, 1 more part of pyri- 
dine was added and this mixture used for the chromatography. ‘The R, 
values of galactose and glucose were 0.33 and 0.37 respectively. 

While the lipide studies are not yet concluded, the only sugar identitied 
so far was galactose. No indication of the presence of appreciable amounts 
of glucose in preparations of phrenosin and kerasin and related fractions 
could be found. ‘This is in agreement with a very recent report on Ussue 
cerebrosides (15). 
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SUMMARY 


Techniques are described for the demonstration, following chromatog- 


raphy on filter paper, of nitrogenous lipide constituents (choline, ethanola- 
mine, serine), sulfur-containing amino acids (cysteine, cystine, methionine), 
and reducing sugars. 
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CHEMISTRY OF THE CHICK EMBRYO 
V. THE ACCUMULATION OF CYTOCHROME OXIDASE* 


By MILTON LEVY ann NELSON F. YOUNGT 
(From the Department of Chemistry, New York University College of Medicine, 
New York) 


(Received for publication, February 2, 1948) 


The important position occupied by cytochrome oxidase in the present 
day concepts of oxidative metabolism led us to study its accumulation 
during the development of the chick embryo. ‘The data of Albaum and 
coworkers (1, 2) describe the increase in cytochrome oxidase only in terms 
of total amount. No relevant data on weight or other quantities are given 
with which the amount of the oxidase could be related to the size of the 
actively growing organism at the time. The changes in metabolism and 
development proceed in regular sequence and adequate description of the 
whole sequence of development requires that correlation be carried as far as 
possible. This has been the general aim of this series of papers and the 
present report presents the results of the determinations of cytochrome 
oxidase on a large number of embryos whose ages range from 3 to 16 days 
of incubation. 

Test System— Cytochrome oxidase activity has usually been estimated 
by measuring oxygen consumption in a system in which reduced cytochrome 
c is supplied in excess by the addition of a reducing substance such as 
p-phenylenediamine, hydroquinone, or ascorbic acid. The test system 
adopted for this study was the following mixture: 0.4 ml. of cytochrome ¢ 
(0.6 mg.), 2.2 K 10~ mole; 0.4 ml. of 2 per cent p-phenylenediamine; 1.0 
ml. of a suspension of material to be tested; 0.2 ml. of M phosphate buffer, 
pH 7.3. The reaction was carried out at 37.2” in Barcroft-Warburg respi- 
rometers. The p-phenylenediamine was tipped in from the side arm after 
temperature equilibration. Oxygen consumption was measured for 1 hour. 
The cytochrome ¢ was sufficient to insure maximal oxidative activity (10). 
With each determination a control vessel was also included which contained 
no added cytochrome ¢. The oxygen consumption of this control vessel was 
subtracted from that of the vessel containing cytochrome c and the differ- 
ence was used as the measure of cytochrome oxidase activity. 

The oxygen consumption in the control vessel is the sum of several fac- 
tors: (1) basal respiration of the tissue, (2) autoxidation of p-phenylenedi- 
amine, (3) non-cytochrome oxidase catalysis which is due to eytochrome b 

* Aided by a grant from the Ella Sachs Plotz Foundation. 

+ Present address, Sloan-Kettering Institute for Cancer Research, New York. 
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according to Stotz ef al. (10), (4) oxygen consumption due to cytochrome c 
already present in the tissue. If the fourth of these factors is appreciable, 
then this vessel does not constitute a valid control for the estimation of oxi- 
dase activity. From the following considerations, it was concluded that 
the cytochrome c already present makes no significant contribution to the 
oxygen consumption in the control vessel. 

1. Cytochrome c is very soluble and should be distributed throughout the 
aqueous phase of the system. If any were left in intact cells in a loeal high 
concentration or attached to ‘“‘macromolecules” (9) in a particularly favor- 
able position to react with the oxidase, then further grinding resulting in 
further dispersion of cytochrome c so attached should be reflected in de- 
creased oxygen consumption in the control vessel. This effect was not 
observed even after long grinding in the homogenizers. 

2. lf we then assume that the cytochrome c is uniformly distributed and 
still contributes to the oxygen of the control, the addition of amounts of 
eytochrome ¢ equal to that in the tissue should result in a measurable in- 
crease of oxidation. From the figures of Potter and DuBois (7) we find 
that the 10 day embryo contains 3.0 y per gm. The addition of 0.3 y of 
cytochrome ¢ to a control vessel containing 100 mg. of tissue from a 10 day 
embryo had no effect on the oxygen uptake. 

3. Potter and DuBois (7) reported at least a 6-fold increase in cytochrome 
c content from 6 to 12 days. During this time, it will be seen that a rise of 
only 50 per cent occurred in the control oxidation. 

4. With concentrations of KCN reported by Stotz (10) to inhibit oxidase 
activity nearly completely, it was found that the control oxidation is in- 
hibited only 25 per cent, while that of the vessels containing optimal 
amounts of cytochrome c is inhibited about 80 per cent. ‘The more resist- 
ant system of the control vessels thus exhibits the same cyanide insensitivity 
as that reported for cytochrome /. 

Embryological Materval—Fertile eggs (from New Hampshire hens mated 
with Plymouth Rock cocks) collected in trap nests and received within 48 
hours of laying were incubated at a temperature of 38.5° and at a relative 
humidity of 60 to 70 per cent. The eggs were rotated twice a day and re- 
moved in groups of three for analysis. 

Preparation of Tissues—After removal from the incubator the embryos 
were freed of extraembryonic membranes, dried superficially, and weighed. 
They were then ground with 9 volumes of | per cent saline in glass homogen- 
izers (8). Large embryos were minced in 9 volumes of saline in the Waring 
blendor for 2) seconds before being ground in the homogenizers. Long 
treatment in the blendor was found to inactivate the enzyme. 1 cc. por- 
tions (100 mg. of tissue) of these homogenates were pipetted into the War- 
burg vessels for the estimation of oxidase activity. 
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Resulls 


Table I shows the effect of varying the amount of tissue in the test system 
used for this study. It demonstrates the strict proportionality of the 
amount of tissue to the oxidase activity. The lack of proportionality be- 
tween the oxygen consumption of the control vessels and the amount of 


TABLE I 
Orygen Consumption by 10 Day Embryo Tissue Plus 8 Mg. of p-Phenylenediamine 


Tissue, ™g. 3 voor | 50 100 | 150 
| c.mm | c.mm cmm. | | c.mm. 
| | 
Net GO. per 100 ma. 204 | 207 200 
TaBLe II 
Accumulation of Cytochrome Oxidase in Chick Embryos 
; | | Control, c.mm. Oxidase activity, 
No. of embryos Average wet weight Age calculated O» per 100 mg. c.mm. O» per 100 


grouped | per hr. mg. per hr. 


me. days | 
11 12.1 2.93 38 : 127 
73.1 4.00 40 174 
9 226 5.70 38 | 170 
. 529 6.30 39 | 167 
890 7.26 45 168 
6 1,110 7.70 46 167 
5 1,305 8.02 49 169 
13 1,813 8.79 52 193 
8 2,854 9.64 225 
13 4,267 10.9 52 273 
12 7.085 12.0 62 284 
12 7,814 12.7 2 316 
10 10,560 13.9 7 324 
10 13,680 14.8 16 334 
11 16, 230 16.0 68 345 


tissue in each one reflects the varied natures of the factors contributing to 
the oxidation in these vessels. 

A total of 157 embryos was used for this study. Individual determina- 
tions were made on each except for very young embryos, in which case two 
or more were pooled to provide enough tissue tor a determination (2 X 


100 mg.) 
The whole series was arranged according to weight and divided into con- 


76 CHEMISTRY OF CHICK EMBRYO. V 


venient groups according to size. ‘The average age of the group was caleu- 
lated from the average weight as recommended by Levy and Palmer (4), 
These data are included in Table I] which shows the average oxidase activi. 
ties as well as the control values for each group. 


DISCUSSION 


Various workers have determined the dry weight on chick embryos at 
various stages of development (6). Different breeds of chicks have shown 
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Fic. 1. Cytochrome oxidase activity per unit of dry weight against the calculated 
age in days. 


III 
Parameters of Phase Equations for Cytochrome Oxidase Accumulation 


Log ¢.mm. of O2 per mg. per hour = tg + dg log A. 


Interphase times, days... (3.0)* 4.3 7.9 | 11.8 (16.0)* 


* The figures in parentheses indicate the beginning and end of the period of ex- 
perimental observations. 
+ The figures for this phase are based on two points only. 


only minor differences in these values for a given age. Since Albaum and 
Worley (2) have indicated that the cytochrome oxidase activity of chick 
embryo tissue Is proportional to the dry weight, 1t seemed of interest to plot 
the oxidase activity on a dry weight basis against time. Fig. 1 reveals that 
the oxidase activity is not proportional to the dry weight. The dry weight 
figures used in these calculations are those of Murray (5). 

The description of growth data by appropriate equations relating the 
quantity measured, Q, to time, A, is a useful device. The equation which 
we have used to describe the accumulation of material during growth is log 
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Q = i + ay log A (3). It was noted that at various times (called inter- 
phase times) it is necessary to make abrupt adjustment of the parameters 
ig and ay in order to fit thedata. This is usual inall forms of growth equa- 
tions covering development. A period in which the parameters remain 
unchanged is called a phase of growth in our scheme. A satisfactory modi- 
fication of the equation is obtained by combining equations for the sub- 
stance of interest with those for weight (1) (4). By plotting logarithms 
of concentration (Q/W) against logarithms of age, a relative accumulation 
diagram results, the slopes and intercepts of whose phases are simply related 
to % and ay of the accumulation equations (4). 

When the data of Table II are plotted in the way described above, three 
phases of accumulation are evident, with a fourth indicated by a single 
point. The interphase times and phase accumulation parameters are 
shown in Table [Il] as obtained graphically. Hach phase except the earliest 
is determined by at Jeast four points falling on a straight line in the plot of 
the log concentration (¢.mm. of QO, per mg. per hour) of cytochrome oxidase 
against the log age calculated (in days). ‘The interphase time at 4.3 days 
has appeared in all the entities measured so far in the present series; namely, 
wet weight, nitrogen, dipeptidase, and aminopeptidase (4). The inter- 
phase at 11.8 days is present in nitrogen (11.5 days) and aminopeptidase 
(11.9 days) accumulation diagrams. The significance of these times in 
terms of the metabolic and physiological activities of the embryo is not 
evident. The phase constants and interphase times are to be regarded at 
present as descriptive devices. The rapid rise in oxidase activity begin- 
ning at the Sth day was noted by Albaum and Worley (2). 


SUMMARY 


|. The eytochrome oxidase activity in chick embryos between the ineu- 
bation ages of 3 and 16 days has been measured. 

2. The data are used to construct accumulation diagrams and phases of 
constant multiplication rates in logarithmic time are demonstrated. 

3. The cytochrome oxidase activity is not proportional to the dry weight. 
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MIGRATION DURING HYDROLYSIS OF ESTERS OF 
GLYCEROPHOSPHORIC ACID 


I THE CHEMICAL HYDROLYSIS OF L-a-GLYCERYLPHOSPHORYL- 
CHOLINE* 


By ERICH BAER ano MORRIS KATESt 


(From the Banting and Best Department of Medical Research, University of Toronto, 
Toronto, Canada) 


‘Received for publication, April 5, 1948) 


In view of the biological significance of the lecithins and of the fact that 
they have been known to the chemist for a hundred years (1), it is rather 
surprising that there should still remain doubts concerning the position 
of the phosphoric acid. Until recently it has been assumed by most 
workers that lecithins could be hydrolyzed chemically without causing a 
change in the position of the phosphoric acid and that the constitution and 
configuration of the resulting glycerophosphoric acid would be identical 
with that of the original phosphatide. Thus the presence of a- and £- 
glycerophosphoric acids (a-GPA and 8-GPA) in the hydrolysis products of 
natural lecithins was interpreted as indicating the occurrence of both the 
a and 8 torms (2-4), and attempts were made to obtain thes@ isomers in 
pure state (4-7). More recent evidence (8-10), however, although not 
fully conclusive, seems to be strongly in favor ot the occurrence of a revers!- 
ble phosphoric acid migration during the chemical hydrolysis of lecithins. 

It was thought that an investigation of the acid and alkaline hydrolysis 
of L-a-glycerylphosphoryleholine (L-@-GPC), obtainable from autolyzed 
beef pancreas (11) and by synthesis (12), would provide intormation which 
might be useful in the elucidation of the reaction mechanism underlying 
the chemical hydrolysis of lecithins. The use of this pure enantiomer as 
substrate makes it possible to follow the course of the hydrolysis and 
especially the migration of the phosphoric acid group by physieal (optical) 
as Well as chemical means. 


EXPERIMENTAL 


Subsirate- -Vhe t-a-glycerylphosphorylcholine used in this investigation 
Was prepared synthetically as already described (12). 


"An account of this work was presented before the meeting of the Canadian Phys. 
idlogical Society at London, Ontario, Oetober 24-25, 1947. 

+ This paper forms part of a thesis which will be submitted by M. ixates to the De- 
partment of Chemistry, University of Toronto, in partial fulfilment of the require. 
ments for the degree of Doctor of Philosophy 
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Acid Hydrolysis of L-a-Glycerylphosphorylcholine 


Approximately 2.1 gm. of L-a-GPC (fal, = — 2.9°) were dissolved in 10 
ml. of distilled water; the solution was diluted with 12.5 ml. of 2.“ hydro- 
chloric acid and made up to a volume of 25 ml. The flask was transferred 
immediately to a water bath at 37° (4+0.2°) and the time noted. The con- 
centration of the diester (total phosphorus determination) was 0.310 M and 
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HOURS 


Fic. 1. 0.310 solution of L-a-glycerylphosphorylcholine in 1 hydrochlorie 
acid (pH 0.3) at 37° (+0.2). Curve I, hydrolysis expressed in terms of percentage of 
choline liberated; Curve II, observed changes in optical rotation, a, (—), 24°, 2 
dm. tube; Curve IIT, percentage of a-glycerol] esters determined by periodic acid 
titration; Curve IV, ealeulated optical rotations which would be observed if L-a- 
GPC and L-a@-GPA retain their full optical activity. The rotations were calculated 


by means of the following equation: calculated rotation = rotation, 6p) & (% a- 
GPC/100) + rotationg gpay (% a-GPA/100), where rotation gee) = —O0.51° (ro- 


tation of the solution in a 2 dm. tube at 0 hour, obtained by the extrapolation of 
Curve II), per cent a-GPC = 100 minus per cent of liberated choline (obtained from 


Curve 1), rotation, gray = —0.23° (rotation of a solution made up to resemble the 
final state of the hydrolysis solution, except that it contained pure L-a-GPA), and per 
cent a-GPA = per cent of liberated choline (obtained from Curve I) minus (100 


minus per cent of a-glycerol ester (obtained from Curve IID). 


the pH (Beckman pH meter) of the solution was 0.3. The changes during 
the hydrolysis were followed by observing the liberation of choline, the 
decrease in optical activity, and the variations in the a-glycerol ester con- 
tent. 

Liberation of Choline At various time intervals a 1.00 ml. aliquot of the 
sulution Was withdrawn, run immediately into 25 ml. of water containing 
1.0 ml. of 1 N sodium hydroxide, and the pH was adjusted to the Congo red 
end-point. ‘The free choline was determined gravimetrically as reineckate. 
The course of the hydrolysis with regard to the liberation of choline is 


rf 
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shown graphically in Fig. 1, Curve I. The values for the reaction constant 
(k = (2.303/t) log (co/c)] indicate a first order reaction; the k values at 48, 
168, 318, 486, 696, 1368, and 1824 minutes were 1.22, 1.23, 1.25, 1.17, 
1.15, 1.17, and 1.04 & 10% respectively. Up to 80 per cent hydrolysis 
the average value of / was 1.2 & 10°%. The time required for the libera- 
tion of one-half of the choline was lO hours. The hydrolysis was practically 
complete in 70 hours. 

Optical Activity—At intervals, a portion of the solution was transferred 
toa2dm. tube and the rotation determined at room temperature (24—25°). 
The contents of the tube were returned to the original solution. The 
changes In rotation are shown in Fig. 1, Curve II. 

Percentage of a-Glycerol Esters-~ At intervals a 1.00 ml. aliquot was with- 
drawn and diluted to a volume of 100.0 ml. The total a-glycerol ester 
content Was determined on a 10 ml. portion of the diluted solution by 
titration with periodic acid according to Voris, Ellis, and Maynard (13). 
To insure that no errors due to dilution or concentration were involved, 
the total phosphorus was determined on each aliquot and these values were 
used for the calculation of the amount of a-GPC originally present. The 
periodate titration determines the sum of @a-GPC and a-GPA_ present 
(see Fig. 1, Curve IIT). At the end of the hydrolysis the content of a- 
glycerol ester (a-GPA) reached a constant value of 91 + | per cent. 

To permit comparison with the hydrolysis products of natural lecithins, 
the glycerophosphoric acid mixture, obtained by acid hydrolysis of L-a- 
GPC, was isolated. 

Isolation of Glycerophosphoric Acid Mixture As Barium Salis—<A solution 
of approximately 1.7 gm. of the diester in 7 ml. of distilled water was diluted 
with 10 ml. of a 1.97 N hydrochlorie acid and made up to a volume of 20 ml. 
The flask and contents were transferred to a water bath at 37° (+0.2°). 
The concentration of the diester (total phosphorus) was 0.302 mM and the pH 
of the solution was 0.2. At the end of 110 hours at 37° the remainder of the 
solution (approximately 19 mil.) was treed from chloride ion by triturating 
with 2.3 gm. of silver oxide in the presence of 1 ml. of concentrated acetic 
acid, the excess silver ion was removed with hydrogen sulfide, and according 
to Folch’s procedure (14), the glycerophosphorie acids were isolated in the 
form of barium salts. The barium salt mixture, after drying at 100° in a 
vacuum of 0.1 mm. of Hg over phosphorus pentoxide for a period of 2 
hours, weighed 1.15 gm. (corresponding to a 75 per cent recovery of the 
glycerophosphoric acids) and the analysis proved it to be the barium salt 
of glycerophosphorie acid. 


C3H;O.PBa (307.5). Caleulated, P 10.08; found, P 10.00 


The a-glycerophosphate content of the barium salt mixture was obtained 
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by titration with periodie acid (13). Prior to the titration, the barium ion 
was removed with sodium sulfate. After 1 hour, 0.6350 mM of giycero.- 
phosphate had consumed on the average 0.0333 mmM of periodic acid, indi- 
cating the presence of 88 per cent of a-glycerophosphate. The optical] 
rotation of the barium salt mixture in 2 N hydrochloric acid was fa]*4 = 
—0.26° (ce, 10.0). A comparison of this rotation with that of pure L-a- 
barium glycerophosphate (15) in 2 N hydrochloric acid, fa], = —1.45°, 
revealed that 18 per cent of the total glycerophosphate was L-a-glycero- 
phosphate. Thus the mixture of barium glycerophosphates obtained by 
acid hydrolysis of pure L-a-glycerylphosphorylcholine had a composition of 
SS per cent a-glycerophosphate (18 per cent of L-a-glycerophosphate, 70 
per cent of DL-a-glycerophosphate) and 12 per cent of 3-glycerophosphate. 

The information given in Curve I (free choline) and Curve ITI (content 
of a-glycerol ester) permits the calculation of the composition of the 
hydrolysis solution at any given time in terms of a-GPC, a-GPA, and 
8-GPA. Assuming that the a-GPC and @a-GPA retain their full optical 
activity, the rotational changes to be expected under these circumstances 
can be calculated for the entire course of the hydrolysis (hig. 1, Curve IV). 
A comparison of the hypothetical curve with the experimental curve 
(No. I1) reveals that the observed optical activity decreases at a greater 
rate than would be expected if the loss were due only to an a@ —> 8 migration 
of the phosphoric acid. ‘The progressively increasing loss in activity is 4 
direct indication of the reversibility of this shift. 

From the work of Bailly (9), Verkade, Stoppelenburg, and Cohen (16), 
and Chargaff (17), it is known that a-GPA in acid solution undergoes an 
intramolecular rearrangement, resulting in the formation of an equilibrium 
mixture of a- and 8-GPA. It was therefore quite possible that the acid 
hydrolysis of L-a-GPX-Avould follow a course expressed by Equations 
1 to 3. 


(1) L-a-GPC a L-a-GPA + choline 
ks 
(2) L-a-GPA - — 8-GPA 
ky 
(3) 8-GPA DL-a-GPA 


It was interesting to know whether this reaction mechanism was rec- 
oncilable with the changes observed on solutions of L-a-GPC in | N 
hydrochloric acid. The reaction constants’ and ks; were obtained by 
following the changes in optical activity (42) and content of a-glycerol 
ester (k2 + k;) of a 0.3 M solution of L-a-GPA in 1 N hydrochloric acid at 37° 
over a period of 90 hours. By means of the experimentally determined 


1 The experimental details will be reported elsewhere 
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values of (1.2 & 107%), ke (2.5 107), and (2.2 10-*), the changes 
in optical activity and content of a-glycerol ester which should occur if 
Equations | to 3 do actually describe the acid hydrolysis of L-a-~-GPC were 
calculated. The observed rates at which the optical activity and the 
a-glycerol ester decreased were far greater than those predicted by calcula- 
tion, indicating that Equations | to 3 are inadequate to describe fully the 
reaction mechanism underlying the hydrolysis of L-a-GPC. Although some 
of the phosphoric acid migration may occur in this way, the greater rate 
of change of the observed values suggests that the major part of the migra- 
tion must take place while the choline ester is still intact, presumably via a 
eyclic ortho ester (1) as outlined in Equations 4 to 7 and in the accompany- 
ing scheme. 


(4) L-@-GPC == eyclic ortho L-GPC 
(5) Cyche ortho L-GPC — B-GPC 
(th) 8-GPC —» eyclhie ortho p~t-GPC 
(7) Cyche ortho pL-GPC = pL-a-GPC 


The actual mechanism of the acid hydrolysis may be still further com- 
plicated by the fact that all substances in Equations 4 to 7 can, at least 


H.C—-OH 
| Olt 
HC—OH_ | | 
| 
H:C—O— 
11 
H,.C—OH 
(7) | | OH OH 


| 
Oli (1) 


(5) [| (6) 


H,C—OH 
| Ou 


| 
HC—o— 


P—O—CH;—CH::-N(CH;)s 
H,C—OH 
O 


theoretically, lose choline, forming the corresponding glycerophosphoric 
acids, which then equilibrate according to Equations 8 and 9. 

(S) L-a-GPA = cyclic ortho L-GPA — B-GPA 

(9) pL-a-GPA cyclic ortho pt-GPA 
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The present data are, however, insufficient to establish with certainty the 
mechanism, outlined by Equations 4 to 9, for the phosphoric acid migra- 
tion. 


Alkaline Hydrolysis of t-a-Glycerylphosphorylcholine 


Approximately 2.3 gm. of the oily diester were dissolved in 10 ml. of 
water; the solution was diluted with 12.5 ml. of 2 N sodium hydroxide and 
made up toa volume of 25ml. The flask was transferred immediately toa 
water bath at 37° (+0.2°) and the time noted. The concentration of the 
diester (total phosphorus) was 0.336 m and the pH of the solution was 
10.5. 


4 lo 16 


Fic.2. 0.336 mM solution of L-a-glycerylphosphory!choline in 1 sodium hydroxide 
(pH 10.5) at 37° (+0.2°). Curve I, percentage of hydrolysis expressed in terms of 
choline liberated; Curve [I observed changes in optical rotation, e, > wes 
tube; Curve III, percentage of a-glycerol esters determined by periodic acid titra- 
tion. 


Liberation of Choline—At various intervals a 1.00 m}. aliquot was with- 
drawn and run into 25 ml. of water containing ! ml. of | N hydrochloric acid 
and the free choline determined gravimetrically in the form of its reineckate 
(Fig. 2, Curve I). The rapid liberation of choline in alkaline solution made 
it dificult to obtain a sufficient number of points on the hydrolysis curve. 
However, the course of the liberation of choline in this medium approaches 
that of a first order reaction. With increasing time the reaction constant 
shows a distinct shift to lower values. At 42, 210, and 330 minutes, k was 
142 10-7, 1.16 10, and 0.95 K respectively. The time re- 
quired for the liberation of one-half of the choline was 0.9 hour. The 
hydrolysis is practically complete in 7 hours, a tenth of the time required 
for the acid hydrolysis of L-a-GPC. 
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Optical Activity -Yhe measurements were carried out as described above. 
Since in alkaline medium the optical activity of L-a-GPA is immeasurably 
small, the observed changes in rotation are due entirely to the disappearance 
of t-a-GPC. For this reason the rate of change in rotation corresponds 
closely to that of the liberation of choline (see Fig. 2, Curve II). The 
specific reaction constants and half life period calculated from the optical 
values were k = 1.2 X 10-* (30 minutes), 1.1 * 10°-* (174 minutes), and 
fj approximately | hour, respectively. 

Percentage of a-Glycerol Esters—At various intervals a 1.00 ml. aliquot 
was Withdrawn and run into a 100 ml. volumetric flask containing 1 ml. of 
1 hydrochloric acid in 80 ml. of water and made up to volume. The total 
phosphorus and the combined a-glycerol ester contents were determined as 
described above. Curve III in big. 2 presents graphically the changes in 
the total a-glycerol ester content. At the end of the hydrolysis the content 
of a-glycerol ester (a-GPA) reached a constant value of 44 + 0.5 per cent. 

Tsolation of Glycerophosphoric Acid Mixture As Barium Salts-—-At the end 
of the 6th day the remainder of the solution (approximately 8.6 ml.) was 
neutralized to litmus with acetic acid and, according to Folch’s procedure 
(14), the glycerophosphoric acids isolated as a barium salt mixture. The 
dried barium salt (0.1 mm., 100°, 2 hours over P2O;) weighed 0.80 gm.., 
corresponding to a 90 per cent recovery of the glycerophosphorie acids, 
and upon analysis proved to be the barium salt of glycerophosphorie acid. 


C,H,O.PBa. Calculated, P 10.08; found, P 10.1 


The a-glycerophosphoric acid content of the barium salt mixture was 
ascertained by periodic acid titration (13) after removal of the barium ion 
with sodium sulfate. At the end of 1 hour 0.0395 mM of glycerophosphate 
had consumed on the average 0.0160 mm of periodic acid, indicating the 
presence of 40.5 per cent of a-glycerophosphoric acid. ‘The optical rotation 
of the barium salt mixture in 2 N hydrochloric acid was [a], = —0.29° (c, 
11.4), revealing that approximately 20 per cent of the total glycerophos- 
phate consists of L-a-glycerophosphate. Thus the mixture of barium 
glycerophosphates, obtained by alkaline treatment of pure L-a-glyceryl- 
phosphorylcholine for 144 hours, has a composition of 20 per cent of L-a- 
glycerophosphate, 20 per cent of DL-a-glycerophosphate, and 60 per cent of 
8-glycerophosphate. 
DISCUSSION 

The investigation of the acid and alkaline hydrolysis of t-a-GPC has 

revealed that in both cases a reversible a — 8 migration of phosphoric acid 


accompanies the liberation of choline, resulting in the formation of L-a-, 
pL-a-, and 8-GPA. ‘The equilibrium ratios of a- and 8-GPA are a function 
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of the pH, the a form predominating on acid hydrolysis and the 8 form on 
alkaline hydrolysis. It is peculiar that the alkaline hydrolysis of methyl] 
glycerophosphate (8), the acid treatment of $-glycerophosphate (9), the 
acid and alkaline hydrolysis of various components of brain cephalin (10), 
and the chemical hydrolysis of natural lecithins (2, 4) produce mixtures of 
a- and 6-GPA similar in composition to those obtained by hydrolysis of 
L-a-GPC under comparable conditions; 7¢.¢c., predominance of the @ form 
on acid hydrolysis and of the 8 form on alkaline hydrolysis, unless some 
common factor is involved. 

The chemical hydrolysis of L-a-GPC yields the a-GPA in a partially 
racemized state due to the reversible phosphoric acid migration. It should 
be recalled that the a-GPA tsolated from termentation or glycolysis mix- 
tures by Meyerhof and Wiessling (18) possessed the full optical activity 
of the pure synthetic L-a-GPA (15). The comparison was conducted on 
the dimethyl ether-dimethy! ester, which exhibits a considerably augmented 
optical rotation. Thus it is possible to isolate from natural sources a-GPA 
with full optical activity if undue exposure to acids, and particularly alkali, 
is avoided. In the case of a-~-GPA derived trom natural lecithins (2), the 
most active preparations have had at best only 60 per cent of the activity 
of the optically pure a-GPA (15). It becomes highly significant that the 
optical activity of the a-GPA obtained by chemical hydrolysis of lecithins 
is considerably lower than that of the same material isolated from fermenta- 
tion or glycolysis mixtures, especially since it is now established by the 
results presented in this paper that the chemical hydrolysis of t-a(iPC 
vields also a partially racemized a-GPA. 

These observations suggest strongly that the chemical hydrolysis ot 
lecithins is inevitably accompanied by a reversible phosphoric acid migra- 
tion. Hence, the presence of a- and 8-glycerophosphoric acid in the 
hydrolysates of lecithins cannot be considered any longer as an adequate 
proof of the simultaneous occurrence of a and 8 forms in the original 
lecithin. 

Nevertheless, the natural occurrence of a-lecithins is tirmly established. 
Karrer and Salomon’s (2) observation that a-GPA, obtained from lecithins 
by alkaline hydrolysis, exhibits (as dimethyl ether-dimethyl ester) optical 
activity was the first entirely convincing demonstration of the occurrence 
of a-lecithins. Only an optically active a-lecithin can, on hydrolysis, yield 
optically active a-GPA, since the a~-GPA formed from ¢-lecithins by acyl 
migration must be racemic. The more recent isolation of L-a-GVC from 
autolyzed beef pancreas (11), in which it is doubtless formed by enzymatic 
hydrolysis of a-lecithins, and the isolation of optically active dipalmitoy! 
lecithin from Cysitcercus fasctolaris (19), from lung tissue (20), and trom 
brain and spleen (21) are further evidence for the natural occurrence of 
a-lecithins. 


p 
le 
II 
a 
h 
li 
a 
r 
4 
| 
} 
} 
} 


bi. BAER AND M. KATES &7 


On the other hand, if one recalls that the assumption of the natural 
occurrence of f-lecithins is based solely on the isolation of 8-glycerophos- 
phoric acid, the formation of which can also be accounted for by phosphoric 
acid migration during hydrolysis, one is forced to admit that at the present 
time conclusive evidence for the natural existence of 8-lecithins is lacking. 

It is obvious from the data presented in this paper that analytical pro- 
cedures involving chemical hydrolysis cannot be relied upon to reveal the 
true constitution of lecithins or cephalins. 

It is hoped that by studying the enzymatic hydrolysis of synthetic a- 
lecithins of known constitution and configuration analytical procedures 
may be developed which will establish unequivocally the constitution and 
configuration of the naturally occurring compounds. The synthesis of 
some of these lecithins has already been accomplished in this Laboratory, 
and that of others is in progress. 


SUMMARY 


1. The liberation of choline from a-glycerylphosphorylcholine in 1 N 
hydrochloric acid and in 1 N sodium hydroxide at 37° has been investigated. 
The reaction is of first order in both media. The time required for the 
liberation of one-half of the choline is, under the above conditions, 10 hours 
and 0.9 hour, respectively. 

2. The removal of choline both in acid or alkaline medium is accom- 
panied by a reversible a — 8 phosphoric acid migration. At 37° a constant 
ratio of a- to B-glycerophosphorie acid is reached in 1 N hydrochloric acid 
after approximately 100 hours and in | N sodium hydroxide after 10 hours. 
The solutions in the equilibrium state contain 91 (+1) per cent and 44 
(+0.5) per cent of a-glycerophosphoric acid, respectively. 

3. A mechanism to account for the various changes observed during the 
hydrolysis of L-e-glycerylphosphorylcholine is suggested. 

4. The occurrence of a reversible migration of phosphoric acid accom- 
panying the chemical hydrolysis of glycervlphosphorylcholine, when con- 
sidered with other evidence, leaves no doubt that a similar migration takes 
place during the chemical hvdrolvsis of lecithins. Analytical procedures 
involving chemical hydrolysis and investigation of the glycerophosphoric 
acid mixture cannot be relied upon to reveal the constitution of the glycero- 
phosphoric acid moiety of the original lecithin. 

5. There is conclusive evidence tor the natural occurrence of a-lecithins. 
The existence of 8-lecithins, however, is unsubstantiated. The 6-glycero- 
phosphoric acid, whose isolation was the only evidence suggesting the 
existence of 8-lecithins, is, for the most part, an artifact. 


The authors wish to express their gratitude to the Banting Research 
Foundation for grants to one of us (M. K.) during this investigation. 
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PHOSPHORYLASE 


By MILDRED COHN anp GERTY T. CORI 


(From the Department of Biological Chemistry, Washington University School of 
Vedicine, St. Louis 


(IKkKece:ved for publication, April 15, 1948) 


It has recently been reported by Doudoroff, Barker, and Hassid (1) 
that an exchange occurs between the phosphate group ol glucose-1-phos- 
phate and inorganic phosphate in the presence of sucrose phosphorylase 
and in the absence of neceptor. On the basis of this exchange, they postu- 
late a mechanism involving the formation of an enzyme-glucose complex, 
thus endowing the enzyme with the ability to transfer glucose to fructose 
and other acceptors; viz., 

+ enzyme enzyme-glucose + phosphate 
glucose + fructose enzyme + sucrose 


This mechanism has been confirmed by these authors by studying the re- 
xetion with arsenate (2). When glucose-l-phosphate, enzyme, and ar- 
senate were mixed, again in the absence of acceptor, free ghicose was formed. 
This could only have been due to the spontaneous decomposition of glu- 
cose-l-arsenate. ‘Thus, the arsenate must have exchanged with the 
phosphate through the intermediate formation of an enzvme-glucose com- 
plex. 

The proposed mechanism which might be described as an exchange of 
a bond between substrate and enzyme defines the nature of the substrate- 
enzyme interaction In contrast to the usual formulation which merely 
postulates the formation of an enzyme-substrate complex. This type of 
mechanism expressed in a generalized form, namely, 


+ enzyme enzyme-A + B 


might well be appheable to other enzymatic reactions. 

It seemed of interest to test the validity of this mechanism for the mode 
of action of muscle and potato phosphorylase and consider the possibility 
that A may be either glucose or phosphate. No exchange was found to 
occur between morganie phosphate (labeled with P®) and glucose-1- 
phosphate in the presence of muscle or potato phosphorylase when the addi- 
tion of polysaccharide as aeceptor was omitted. The absence of exchange 
was confirmed in the case of potato phosphorylase by the failure of ar- 
senate to yield free glucose in a reaction mixture containing glucose-1- 
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phosphate but no acceptor. There was also no exchange of glucose (labeled 
with C'™) with glucose-l-phosphate during enzymatic synthesis of polysac- 
charide by muscle phosphorylase. The labeled glucose did not exchange 
with glycogen either in this system, which precluded a mechanism involy- 
ing the transfer of a glucosidie bond through an interaction of enzyme 
and polysaccharide primer. 

One further possibility was explored; namely, that an exchange might 
occur between adenylie acid which activates muscle phosphorylase b and 
inorganic phosphate. No exchange was observed. Thus the mechanism 
of enzyme action involving the type of bond transfer exhibited by sucrose 
phosphorylase is not apparent for the phosphorylases investigated in the 
present study and the extent of its applicability to other enzyme reactions 
awaits further investigation. 


EXPERIMENTAL 


Separation of Phosphates—-The inorganic phosphate glucose-l- 
phosphate in the reaction mixtures were separated as barium salts at pH 
8.5 to 9. Inorganic phosphate was contained in the precipitate, glucose- 
l-phosphate in the supernatant fluid. 

The precipitate was redissolved in dilute HCl and the precipitation at 
pH 8.5 to 9 was repeated. The resulting precipitate was dissolved, barium 
was removed with NasSOy, and the inorganic phosphate was then precipi- 
tated as the ammonium magnesium salt. After being washed with am- 
monium magnesium mixture, this fraction contained no organic phosphate. 

To the soluble barium salts inorganic phosphate was added (in order 
to dilute contaminating inorganic P*?) and again removed by precipitation 
at pH 8.5 to 9. This was repeated several times. After removal of the 
barium the solution was found to contain besides glucose-1-phosphate a 
small amount of orthophosphate (1 to 8 per cent of the glucose-1-phosphate) 
as determined by the Fiske-Subbarow method (3). All values of radio- 
activity of glucose-l-phosphate listed in Tables T and IT are corrected for 
the slight contamination which never exceeded 0.6 per cent of the ortho- 
phosphate radioactivity. 

In experiments in which the phosphorylase reaction had gone to equl- 
librium, the recovery of glucose-1-phosphate could be improved by removal 
of the synthetic polysaccharide before fractionation with barium. Very 
little phosphate was removed with the polysaccharide when the latter was 
precipitated at pH 5 in 50 per cent ethanol. The supernatant fluid was 
then brought to pII 8.5 to 9 with Ba(OH),. and more ethanol was added to 
raise its concentration to 66 per cent. The resulting precipitate which 
contained inorganic phosphate and glucose-l-phosphate was separated 
into the two fractions as described above. 
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Exchange of Glucose-1-Phosphate and lnorganic Phosphate—It will be 
seen in Table I that in the aliquot to which starch had been added as a 
primer in the presence of potato phosphorylase the reaction attained 
equilibrium and that inorganic phosphate and glucose-l-phosphate had the 
same radioactivity (635 and 630 counts per minute per mM, respectively). 
Without addition of primer, however, no reaction took place and the glu- 
eose-l-phosphate showed no radioactivity. It will be noted from Table I 
that this was also the case in the experiment in which muscle phosphorylase 
served as catalyst. When a suboptimal amount of primer was added (12 
mg. per cent of glycogen) the reaction was still far from equilibrium, but 
nevertheless the isolated glucose-l-phosphate had some radioactivity 
(47 counts per minute per mM), showing the extent to which the reverse 


TaBLe I 
Exchange of Inorganic Phosphate (P®) with Glucose-1-phos phate 


Reaction mixture 


Time ._—_—siInorganic phosphate | Glucose-1-phosphate 
Potato phosphorylase Initial 5.2 0) 
None 30 5.2 2200) 
125° 30 14.3 O35 4.0 | 630 
Crystalline muscle-phos- Initial 12.2 2040 26.8 0 
phorylase a None 20) 12.1 25.7 0 
12+ 20) 15.7 1500 
0+ | 25.4 745 | 211.0 


* Soluble starch. 
Glycogen. 


reaction (glycogen +- inorganic phosphate glucose-l-phosphate) had 
taken place. With high concentration of primer (250 mg. per cent of 
glycogen) equilibrium was reached in the presence of muscle phosphorylase. 
In this experiment the polysaccharide was not removed before fractionation 
and the recovery of glucose-l-phosphate was so low that its radioactivity 
could not be measured. 

vrchange of Glucose-1-Phosphate with Glicose—In the experiment sum- 
marized in ‘Table If the phosphorylase reaction was allowed to go to equi- 
librium in the presence of glucose containing C'. Glycogen was added to 
prime the reaction. After precipitation of the polysaccharide with 50 
per cent ethanol, the phosphates were precipitated from the alcoholic 
fluid as barium salts and separated as already described. The isolated 
glucose-l-phosphate was found to contain no radioactivity. Glucose 
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remained in the 66 per cent aleohohe supernatant solution. Air was 
bubbled through the solution to remove the ethano! and the barium was 
precipitated with sulfuric acid. The amount of glucose in the solution 
was determined by the Nelson method (4). The glucose wus found to 
have the same radioactivity in the experimental and control samples, 
No exchange with either glucose-l-phosphate or with glycogen could have 
taken place. 

Exchange between Adenylic Acid and Inorganic or Glucose-!-Phosphate— 
Muscle phosphorylase 6, which is active only when adenylic acid is added, 
was the enzyme used in this experiment as indicated in Table III. The 
reaction mixture contained initially 16 micromoles of glucose-1-phosphate 


Il 


Bachange of Glucose (3766 Counts per Minute per Mg.) with Glucose-!- phosphate and 
Glycogen in Presence of Muscle Phosphorylase a 


| Recovered glucose 


Recovered glucose 1 phosphate 


counts per min. per meg. counts min. per me 


Control (a0 enzyme, | 3805 () 
experimental 3835) 


III 
Rachange of Inorganic Phosphate (P?) with Adenylice Acid in Reaction of Glucose-}.- 
phosphate and Glycogen in Presence of Muscle Phospho: ylase b 


Inorganic phosphate Ribose phosphate 
Commis per min. per mu counis per min. per my 
Control (no enzyme... 2090 


Experimenta! 


and 5.5 micromoles of adenylic acid per ml. The reaction was allowed 
to go to equilibrium in the presence of P® (orthophosphate) and hence 
there was incorporation of P® in glucose-l-phosphate. Then the reaction 
mixture was made 1.0 s with HCl and heated to 100° for 7 minutes. This 
led to hydrolysis of glucose-l1-phosphate and left ribose phosphate (derived 
from adenvlic acid) as the sole water-soluble barium phosphate. After 
isolation of the ribose phosphate by the procedure described for the 
isolation of ghuicose-!-phosphate, its ribose content (5) and phosphate 
content (3) were found to bein good agreement. There was no radioactivity 
found in the ribose phosphate. The radioactivity values of the inorganic 
phosphate given in Table III were measured after the hydrolysis of glucose- 
1-phosphate. 
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SUMMARY 


No exchange occurred between inorganic phosphate and glucose-1- 
phosphate in the presence of muscle phosphorylase a or potato phos- 
phorylase in the absence of polysaccharide as acceptor. Furthermore the 
phosphate of adenylic acid did not interchange in a complete reaction 
mixture containing Inorganic phosphate (P®), glucose-1-phosphate, glyco- 
gen, and muscle phosphorylase 6. The possibility of an exchange between 
glucose Gabeled with C') and glucose-l-phosphate was investigated in the 
presence of muscle phosphorylase and was found to be negative. The 
implications of these results are discussed in so far as they affect the mecha- 
nism of these enzyme reactions. 


The authors wish to thank Dr. Barker and Dr. Hassid of the University 
of California for the radioactive glucose used in this work. 
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ASSOCTATION BETWEEN RAPID GROWTH AND ELEVATED 
CELL CONCENTRATIONS OF AMINO ACIDS 


I. IN FETAL TISSUES 
By HALVOR N. CHRISTENSEN ann JEAN A. STREICHER 


(From the Children’s Hospital and the Departinent of Biological Chemistry, Harvard 
Medical School, Boston) 


(Received for publication, April 2, 1948) 


Factors which accelerate growth or which produce wasting may do so 
by acting directly upon Reactions | and 2 in the following scheme: 


Iextracellular cellular amino acids 
amino acids (at higher concentrations) 

In this ease accelerated growth should tend to deplete the free amino acids 
of the tissues concerned. A good illustration is the precipitous fall pro- 
duced in the glycine concentration of the liver when the conjugation of 
glycine is accelerated by feeding sodium benzoate (1). If, on the other 
hand, growth acceleration resulted from effects upon Reactions 3 and 4, 
there should be an associated elevation of the cellular concentrations of 
amino acids. Such an association has been observed in two instances which 
are reported in this and the accompanying communication (2). 

In the present study a comparison has been made of certain amino acid 
concentrations in fetal and maternal plasma and tissues. The concentra- 
tions of both glycine and the non-glycine, non-glutamine (‘‘residual”’) 
a-amino nitrogen of skeletal muscle were about 3 times as high in the fetus 
as in the maternal guinea pig. Similar relations were observed for both the 
cardiac and skeletal muscle of the rabbit. The higher fetal concentrations 
may be attributed to two factors: (1) concentration of amino acids by the 
placenta, and (2) greater concentrating activity ot fetal muscle than of 
maternal muscle. 

In the rabbit both factors were evident. In the guinea pig, concentra- 
tion by the placenta appeared to account adequately for the higher con- 
centrations of the fetal muscle; the fetal plasma was 4 to 6 times as rich in 
glycine and “residual”? amino acids as the maternal plasma. After birth 
the plasma amino acid concentrations declined rapidly. In human fetal 
plasma, amino acids were observed to be 1.5 to 2 times as concentrated as 
in the maternal plasma. 

Morse observed in 1917 (3) that the amino nitrogen (by the gasometric 
nitrous acid method) was higher in the plasma of the human umbilical 
cord than in the maternal plasma (averages, 8.7 and 6.4 mg. per cent). 
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Similar differences have been reported for rabbits (4) and dogs (5). The 
latter investigations, however, as well as others in human pregnancy (re. 
viewed by Smith (6)), employed the unmodified Folin colorimetric method, 
There have been denials of such fetal-maternal plasma differences for 
both man and dog (7, 8). That these differences would be found also by 
the more specific manometric ninhydrin method was by no means certain, 
since the values of Morse and of others for amino nitrogen in the plasma of 
pregnant women are twice as large as those found by the ninhydrin method. 


EXPERIMENTAL 


The animals were in late pregnancy, the rabbits on the 28th day. The 
guinea pig fetuses were from 10 to 16 cm. in length. After fasting the 
animal for 12 hours, the abdomen was opened under ether anesthesia and 
blood was taken by needle from the umbilical veins (or in the case of 
several of the guinea pigs, by collecting blood flowing from the severed 
umbilical cord). Maternal blood was obtained by cardiac puncture. 
After killing the animals by a blow, the tissues were excised and analyzed 
for water, chloride, glutamine, glycine, and non-glutamine a@-amino nitro- 
gen, as previously described (9). The picric acid filtrates of plasma, how- 
ever, were not subjected to treatment by lead acetate before analysis. 
The amino acid concentrations of the cellular water and the distribution 
ratios (cells to extracellular fluid) were calculated (9). 

The human blood samples were obtained for us by Dr. Clement Smith 
and his associates of the Laboratory for Research on the Newborn, Boston 
Lying-In Hospital, at normal deliveries and at elective cesarean sections, 
from the antecubital vein of the mother and from the umbilical vein of the 
infant at approximately the same moment. 


RESULTS AND DISCUSSION 


The analytical results are presented in Tables I to IIL. 

Three attributes were demonstrated for the guinea pig placenta (Table 
1) which have counterparts in the behavior of the cells of liver and muscle 
towards amino acids (1): (1) A single amino acid fed to the pregnant ani- 
mal was concentrated by the placenta. (2) When high plasma concentra- 
tions of L-proline, L-histidine, or pL-methionine were produced by feeding 
each of these amino acids, the distribution ratio of glycine between fetal 
and maternal plasma was reduced, in some experiments almost to unity. 
(3) u-Glutamie acid occupied an unusual position in failing to show the 
second efiect and in the extreme concentration which could be produced 
in the fetal circulation (37.9 mg. per cent of “residual’’ a-amino nitrogen, 
compared with 7.3 mg. per cent in the maternal plasma). 

Concentration of amino acids by the placenta presents a verv interesting 


~~ 


4 


H. N. CHRISTENSEN AND J. A. STREICHER 97 


difference from concentration by tissue cells, in that here we are dealing 
with two extracellular fluids rather than a cellular and an extracellular 
fluid. There is no evidence that the amino acids in the fetal plasma are 
in a different form from those in the muternal plasma. Only fetal cells 
separate the two circulations in these three species, in the case of the rodents 
only a single layer of fetal endothelial cells (10, 11). 

Both the glycine and the “‘residual’’ e-amino nitrogen of the plasma of 
pregnant guinea pigs were found to be lower than in plasma of non-pregnant 


Distribution of Amino Acids between Maternal and Fetal Plasma and Muscle 

in Guinea Pig 

The tissue concentrations are given in mg. of a-amino nitrogen per 100 gm. of 
cell water. The values in parentheses are ratios of the cellular to the extracellular 
concentrations. 20mm per kilo of each amino acid were fed, two-thirds of the dose 
at the beginning and one-sixth at 1 and 2 hours. The animals were sacrificed at 3 
hours. 


Muscle 


- - - 


Plasma 
Glycine Residual Glycine Residual! 
Mates- Fetal Stal to! Mater-| | Ratio | Fetal Feta! 
nal 
Fasting (4 0.47 | 2.40) 5.3| 1.84 8.7/4.7 | 4.9)16 | 14.9) 41 
(10) (6.9)! (7.8), 
Standard devia- | 0.07 0.15 0.9: 0.25 1.6'0.4 : 0.7; 5 ! 2.6' § 
tion (1.8) (1.4)) (0.9) (0.9) 
L-Glutamue 0.52 | 2.9 5.6 2.2 | 27.9 | 6.¢ 16.1 | 22.4 47 
(12.2) (2.9): (1.2) 
(3.1) (2.3)'(11.4)) (6.0) 
L-Histidine 0.57 | 0.58 | 1.0! 11.6: 17.1; 1.5 
pL-Methionine O.2S 0.58 1.9 6.53; 10.2; 1.9 | 
L-Proline 0.80 1.12; 1.4] 16.4 16.9; 1.03, 29 | 10.91 34 31 


(3.4); (9.2)} (2.0)! (1.7) 


animals (1.8 mg. per cent for the “residual” @-amino nitrogen in pregnancy, 
2.5 mg. per cent otherwise (1)). Bonsnes (12) reported reductions from 
the normal mean of about 4.2 mg. per cent to an average of 3.2 mg. per cent 
in plastraa in human pregnancy. The low values were maintained through- 
out labor and until parturition. ‘The diminutions probably result from 
the avid removal of amino acids by the placenta. 

Two speculative suggestions upon the control of growth are pertinent. 
Robb (13) suggested that the constant relationship between the growth 
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rates of various tissues of the individual animal might be governed by the 
distribution among the tissues of some growth-promoting substance. He 
proposed that such a substance might be distributed according to charae- 
teristic partition coefficients, in analogy to the distribution of a solute 
among immiscible solvents. Twitty and van Wagtendonk (14) reported 
that an eye transplated from a younger to an older larval .imbystoma 


TABLE II 


Distribution of Amino Acids between Maternal and Fetal Tissues in Rabbit 


The concentratious are expressed in mg. per cent of @ amino mitrogen. The 
distribution ratio is the ratio of the cellular to the extracellular concentration. 


Plasma Skeletal muscle Heart 


| Glycine | Residual Glycine Residual 

: | ‘tra- | tiom | Sra. | tiom | ‘tra. | tion | tra. | tion 

ratio | ratio sign | ratio tion | 

1 | Maternal (0.8/4.7) 5.8 6.9 19.4 4.0 1.1) 1.4 26.0 5.3 
Fetal | 0.70; 7.0 | 9.7113 | 54.8! 7.41 4.7 | 6.4 67 | 9.1 
Fetal to maternal 0.9 1.5 1.7. 1.9 2.8 1.9 4.3 4.6 2.61.7 

2 | Maternal 0.67; 3.13; 6.9 | 9.8) 17.7) 0.61' 0.9) 26.7) 8.1 
Fetal | 0.63} 6.38; 7.1 | 10.8; 55.7; 3.3 | 3.5, 57.2] 8.5 
1.03; 1.1) 3.1) 1.5) 8.4] 3.9) 2.1] 1.05 


 Fetalto maternal 0.94 2.0 


Tasie Ill 
Distribution of Amino Acids between Maternal and Fetal Human Plasma 


The concentrations are in mg. per cent of a-amino nitrogen and are followed by 
the standard deviations. 


Glycine Residual 


Type of delivery | | 
Maternal | Fetal | Maternal Fetal | 

Normal (4 observations) 0.18 0.33 1.8 | 2.07 | 3.45 | 1.67 
+0.02 +0.02 +0). +0.10 +0 .37 +0.10 
Cesarean section (3 ob- 0.16 0.28 1.8 1.79 2.92 1.66 


servations) +0.0] +0} +0.1 | +0.23 +063 +). 39 


iigrinum subsequently grew faster than its untransplanted mate remaining 
upon the younger salamander. Had transplanting the eye placed it in a 
richer medium? A larva 55 mm. long was found to have a whole blood 
amino nitrogen (by nitrous acid) of 188 mg. per cent; one 85 mm. long, 934 
mg. per cent. Two conclusions were suggested: The transplanted eye 
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grew faster because it had been placed in a medium of higher amino acid 
eoncentration and the blood amino acid concentration increased with the 
age of the larvae as a result of the decline of growth potentialities of the 
organs. Unfortunately the nucleated red cells were not excluded from the 
blood samples, so that information was not obtained as to the concentra- 
tion of amino nitrogen in the plasma or other extracellular fluids. 

Our observations upon fetal muscle and upon regenerating liver support 
the view that increased protein synthesis and growth may be initiated or 
promoted by increased concentrations of amino acids. Normal cells, if 
they are not wasting, are necessarily maintaining each amino acid in con- 
centrations adequate for building or replacement of many proteins. The 
concentrating function of cells for amino acids represents a possible point 
for the control of growth. 


The authors are indebted to Dr. Clement Smith and Miss Ruth B. 
Cherry for obtaining blood samples for us at normal and cesarean deliveries, 
and to Miss Joan T. Rothwell for technical assistance. 


SUMMARY 


1. The concentrations of glycine and of non-glycine, non-glutamine 
amino acids were about 3 times as great in the skeletal muscles of fetal 
guinea pigs as in the maternal muscles. Similar relations were observed 
between the amino acid concentrations in the pregnant rabbit, for both 
skeletal and cardiac muscle. Amino acids were about 5 times as concen- 
trated in the fetal plasma of the guinea pig as in the maternal plasma, in 
the rabbit about 1.5 to 2 times, in man 1.7 to 1.8 times. Skeletal and car- 
diac muscles of the fetal rabbit were able, despite their extremely rapid 
growth, to concentrate amino acids to a greater extent than did the ma- 
ternal tissues. 

2. Production of high blood concentrations of histidine, methionine, 
and proline by feeding these amino acids to pregnant guinea pigs greatly 
reduced the difference in the glycine concentrations of fetal and maternal 
plasma. After glycine was fed to the pregnant guinea pig, this amino acid 
appeared in higher concentrations in the fetal than in the maternal plasma. 
Feeding L-glutamic acid resulted in concentrations of over 40 mg. per cent 
of @-amino nitrogen in the fetal plasma, without any effect upon the glycine 
distribution. | 

3. The amino acid concentrations of plasma were decreased during 
pregnancy in guinea pigs as well as in human subjects. 

4. The association of high cellular concentrations of amino acids with 
rapid growth has been discussed. 
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ASSOCIATION BETWEEN RAPID GROWTH AND ELEVATED 
CELL CONCENTRATIONS OF AMINO ACIDS 


Il. IN REGENERATING LIVER AFTER PARTIAL HEPATECTOMY 
IN THE RAT 


By HALVOR N. CHRISTENSEN, JOAN T. ROTHWELL, ROBERT A. SEARS, 
AND JEAN A. STREICHER 
(From the Children’s Hospital and the Department of Biological Chemistry, Harvard 
Medical School, Boston) 


‘Received for publication, April 2, 1948) 


After removal of two-thirds of the liver of the rat, the remaining lobes 
grow so rapidly as to double their weight during the 2nd and 3rd days (1). 
This growth rate equals or exceeds that of tissue cultures, 8 day old chick 
embryos, and the fastest growing neoplasms (2). We have observed that, 
coincident with the period of most rapid growth, the liver cells contain 
elevated concentrations of amino acids (not including glutamine and 
glycine) and of glutathione 


EXPERIMENTAL 


Male albino rats, weighing 275 to 325 gm., from a highly inbred colony 
of the Sprague-Dawley strain were used. They were maintained on a 
stock diet of Purina laboratory chow. Anesthesia was produced by ether. 
The median and left lateral lobes of the liver were freed from connective 
tissue bands (mainly on the left margins and the anterior aspect) and a 
large loop of heavy silk thread (No. 00) was worked around and under 
both lobes; with the lobes lifted slightly, the thread was knotted tightly. 
Placing a clamp upon the pedicle and ligating it with fine thread in our 
hands often caused tearing of the vessels. Other details of surgery and 
postoperative maintenance were similar to those described by Crandall 
and Drabkin (3). The animals were not fasted before the operation; 
therefore the excised lobes were not suitable for control analyses. When 
the tissue analyses were to be made within 42 hours after hepatectomy, 
the rats were not fed in the interim, since food consumption was small and 
variable during the first IS to 24 hours, and all animals were fasted for 20 
hours before sacrifice. Animals allowed to live Jonger were supplied with 
the stock diet immediately after the operation. 

One group of control rats was fasted 20 hours before study; another was 
subjected to a laparotomy which simulated the conditions of the hepatec- 
tomy without disturbing any lobes of the liver. These animals were then 
handled in the same way as the lobectomized animals. 
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The methods for preparing extracts of plasma, liver, and muscle and of 
analyses for water, chloride, glutamine, non-glutamine a-amino nitrogen, 
and glycine nitrogen have been described (4). In addition the picrie acid 
extracts of liver were analyzed directly for a-amino nitrogen (by ninhydrin 
at pH 4.7) before removal of glutathione. The difference between this 
result and the a-amino nitrogen on the lead acetate filtrate provided an 
estimate of glutathione a-amino nitrogen. The measurement of the bound 
glycine, made in about half the cases, indicated that 79 to 83 per cent of the 
a-amino nitrogen precipitated by neutral lead acetate could be attributed 
to glutathione. (1 molecule of this peptide of course contributes 1 bound 
glycine molecule and 1 free a-amino nitrogen atom.) The concentration 
of each of the categories of a-amino nitrogen in the cell water of liver and 
muscle was calculated as usual on the basis of the water and chloride analy- 
ses (4). 


Results 


The analytical results are presented in Table I. For 20 hours after par- 
tial hepatectomy the amino acid concentrations of the remaining portion of 
liver were no higher than for controls subjected to a laparotomy.  Be- 
tween the 20th and 30th hours a rise to about 50 per cent above the control 
levels occurred in the concentration of ‘‘residual’’ amino acids of the liver 
cells. Coincident with this increase there were a proportionately smaller 
rise in the “residual”? a-amino nitrogen of the plasma, an increase in the 
liver glutathione (whether indicated by the bound glycine or by the a- 
amino nitrogen precipitated by lead acetate), and a decrease in liver glut- 


amine. 

Amino Acid Conjugates Other Than Glutathione—Peptides other than 
glutathione were not increased in the regenerating lobes. Non-gluta- 
thione, conjugated a@-amino nitrogen was calculated for dialysates of picric 
acid extracts of tissues as Ulustrated. 


Total a-amino N after acid hydrolysis 74.6 mg. % 
ae 
before 
Bound glycine 2 27 .6 
Sum 71.7 
Non-glutathione, conjugated @-amino nitrogen 2.9 mg. % 


Glutathione yields 1 glycine molecule and 2 additional a-amino nitrogen 
atoms upon hydrolysis. By correcting for the peptide nitrogen due to 
glutathione we could estimate other forms of conjugated a-amino nitrogen 
without removal of glutathione by lead acetate, which is apt to precipitate 
other peptides also (5). The resulting values for liver were 1.9, 2.9, and 
0.3 mg., and for muscle 16.2 and 16.3 mg. per 100 gm. of fresh tissue. 
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Most of this conjugated a-amino nitrogen of muscle is probably due to the 
release of the amino group of histidine and methylhistidine upon hydrolysis 
of carnosine and anserine (6). About 10 mg., per 100 gm. of tissue, of 
undialyzable conjugated a-amino nitrogen were present in the picric acid 
filtrates of rat liver. 


I 

Changes in Amino Acid Distribution Following Partial Hepatectomy in Rat* 
The tissue concentrations are in mg. per 100 gm. of cell water. The values pre- 
ceded by the + sign are standard deviations. The values in parentheses are ratios 
of the cellular to the extracellular concentration. 


a-amino N Pb ppt. Glutamine | Residual | 
Controls (4) | 4.32, 33 22 | 29.7 19.8 
| | +3 | +2.0 +1.1 
| (6.6 + 0.8) (4.5 + 0.6) 
Controls, operated | 4.38 | 32 aa 35 19.1 
upon (4) | £0.21! 22.5 | +3 +3 +1.1 
(8.0 + 1.0) (4.3 + 0.5) 
Experimental, 18-20 | 4.04; 35 | 10.8 37 18.1 
hrs. (3) | +0.16 | +3 | +0.8 | +3 +0.7 
| (8.9 + 1.0) (4.4 + 0.1) 
Experimental, 26-67 5.05 40 15.6 47 19.0 
hrs. (10) +0.47! +3 +5 +4 +1.7 
 (8.941.0) | (3.7 + 0.3) 
k:xperimental, 90 23 | 
hrs. | | | 
experimental, 200 4.45 31 40 | 
hrs. | (8.5) | 
.xperimental, 400 4.61 35 10 34 | 
hrs. | (7.0) 


* The following concentrations (for plasma, in mg. of @-amino nitrogen per 100 
ml., and for tissues, in mg. per 100 gm. of cell water) were obtained for four fasting 
rats, and were not significantly changed by partial hepatectomy: plasma glutamine, 
1.3 + 0.1; plasma glycine, 0.51 + 0.09; liver glycine, 7.6 + 0.9; muscle glutamine, 
5.4 + 0.4; muscle glycine, 6.1 + 0.5. 


Spectes Differences few species differences in amino acid distribution 
may be noted. Glycine made up a much smaller fraction of the amino acids 
of the liver, muscle, and plasma of the rat than of the guinea pig, and the 
concentration lacked the extreme variability observed in the latter species. 
In the cardiac muscle of the rat, glycine represented only 6 or 7 per cent of 
the non-glutamine amino nitrogen, whereas in the adult rabbit the heart 
contained a concentration of glycine scarcely higher than that of the plasma 
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7). Gjutamine made up about half the a-amino acid nitrogen of the heart 
in both the rat and rabbit, as in the dog (8). Glutamine was more con- 
centrated in the liver than in the muscle of the rat; in the guinea pig the 
reverse was true. The plasma glutamine and residual e-amino nitrogen 
were about twice as high in the rat as in the guinea pig. 


DISCUSSION 


Increased amino nitrogen was observed by Vladimirova (9) in the re- 
generating limb of the amphibian axolotl. Presumably these analytical 
values include glutathione, which is elevated in the blastema and regener- 
ated tissue (10). 

There are several reasons for not attributing the observed rise of the 
amino acid concentrations in the liver simply to an inadequate deamina- 
tion rate: (1) During the first 20 hours after lobectomy no increase occurred 
in the amino acids of plasma; in the liver the increases were not significantly 
greater than in controls operated upon. (2) The amino acid concentration 
of the liver increased proportionately more than that of the plasma, so 
that the distribution ratios (liver cells to extracellular fluid) were elevated. 
In contrast, whenever amino acids are entering the circulation faster than 
the liver can handle them, the distribution ratios are decreased (5). (3) 
Greatly accelerated deamination can be carried out with almost no increase 
in amino acid levels in the liver (5). (4) A lag in deamination fails to ex- 
plain the coincident changes in glutamine and glutathione. 

In our fasting animals hepatic restoration was occurring necessarily at 
the expense of other tissues, especially muscle. By what means was such 
a transfer of amino acids effected? <A “flow” of the amino acids towards 
the liver might result from either an elevation of the distribution ratios of 
amino acids between liver and plasma or a depression of the distribution 
ratios between muscle and plasma. These factors appeared to participate 
about equally in the present instance (Table I). 

Brues and Marble (11) showed that after removal of the median and 
left lateral lobes in the rat a latent period of 24 hours occurred, followed by 
a sudden rise of mitosis and cell multiplication to a maximum and then by a 
rapid decline during the succeeding days. Comparison of body and liver 
weights indicated that our animals responded very much like those of other 
investigators. The close association between the changes in amino acid 
concentration and in cell multiplication, with regard to latency, sudden 
rise, and subsequent decline, is emphasized. 

The increase in the residual amino acid nitrogen of liver produced by 
laparotomy (Table I) is statistically significant, as is the increase in the dis- 
tribution ratio between liver and plasma. In human subjects and experi- 
mental animals, surgical procedures, fractures, or infections produce a 
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strong acceleration of protein catabolism. At the same time the plasma 
amino acids are diminished (12). We are exploring the possibility that 
the decreased values for plasma result from an elevated concentration of 
amino acids by the liver. 


SUMMARY 


In rats subjected to partial hepatectomy, after a latent period and coin- 
eident with the period of most rapid hepatic restoration, the concentrations 
of amino acids in the liver cells were increased by about 50 per cent. Simul- 
taneously glutathione was increased and glutamine decreased. 
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STUDIES ON AMINO ACID EXCRETION IN MAN 
1. AMINO ACIDS IN URINE* 


By A. LEONARD SHEFFNER, JOSEPH B. KIRSNER, 
anp WALTER L. PALMER 


(From the Frank Billings Medical Clinic, Department of Medicine, University of 
Chicago, Chicago) 


(Received for publication, February 25, 1948) 


Recent interest in the role of proteins in gastrointestinal disease has 
prompted an investigation of certain aspects of this problem. Studies by 
Cannon and coworkers suggested to us that measurements of the intake 
and excretion of individual amino acids might supply more complete and 
significant data than the conventional nitrogen balances alone (1). Hence, 
in addition to the nitrogen balance, measurements were made of the intake 
(in food), level in the blood, and excretion in urine of eight amino acids; 
namely, leucine, isoleucine, valine, threonine, arginine, histidine, lysine, and 
methionine. ‘The purpose of this paper is to describe the results of typical 
studies in two healthy, adult men on normal diets and also the adaptation 
of the microbiological technique utilized in this investigation for the amino 
acid analysis of urine. Studies on the excretion of amino acids in feces will 
be reported in a subsequent paper. The data presented in this report in- 
dicate (a) that the subjects of this study excreted in the urine a quantity 
of microbiologically available amino acids equal to 2.46 per cent of the 
amount ingested, and (b) that the renal tubules selectively reabsorb amino 


acids. 
EXPERIMENTAL 


Two healthy young men, students at the University of Chicago, were 
hospitalized in the metabolism section of the Albert Merritt Billings Hospital. 
Normal activity was permitted. In so far as could be determined by the 
medical history, 1 complete physical and laboratory examination, including 
tests of renal and hepatic function, x-rays of the lungs, gastric analysis, and 
basal metabolic rates, the subjects were free from physical defects. Subject 
1 weighed 70 kilos; Subject 2 weighed 84 kilos. The diets contained ap- 
proximately 1 gm. of protein per kilo of body weight per day, sufficient 
calories to prevent undue utilization of protein for energy, and vitamin 


* Part of this report was presented before the Division of Biological Chemistry 
of the American Chemical Society at Chicago, April, 1948. The work described 
in this report was supported by grants from the Evaporated Milk Association and 
the American Dairy Association. 
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supplements. Each balance period was of 6 days duration and was pre- 
ceded by a 3 day transition period, permitting adjustment to the constant 
diet. 

Preparation of Food for Ingestion and Analysis—The food was prepared 
in the special diet kitchen of the metabolism section by dietitians specially 
trained in the dietary problems of metabolic research. The quality and 
quantity of the daily supply of food were kept as uniform as_ possible 
throughout the study. For analysis, a 30 to 40 per cent aliquot of a 1 day 
food sample (except pure carbohydrate and fat) was homogenized in a 
Waring blendor with added distilled water. A second aliquot of the same 
diet was prepared and analyzed approximately | week later and the results 
of both measurements averaged. 

For amino acid analysis, from 2.5 to 3 gm. samples of food homogenate 
were weighed accurately into a conical beaker and autoclaved in 20 ml. of 
4 n hydrochloric acid for 10 hours at 120°. The samples were then boiled 
for 10 minutes with 250 mg. of norit A, filtered by suction, adjusted to pH 
6.8, and made up to a volume of 1 liter. The concentration of the food 
sample was adjusted to contain approximately 0.025 mg. of nitrogen per ml. 

Collection and Preparation of Urine Samples for Analysis 24 hour urine 
collections were stored under toluene in the refrigerator; the total collection 
for the 6 day metabolic period was combined and mixed. Aliquots were 
taken for total nitrogen, free ammonia, and for the assay of individual amino 
acids. The values for urea nitrogen and free ammonia will be included in a 
subsequent paper. 

Total nitrogen was measured by a semimicro-Kjeldahl procedure, for 
which the digestion mixture of Campbell and Hanna (2) and the Pregl- 
Parnas-Wagner micro distillation apparatus were used. Urea was deter. 
mined by the urease method. The individual amino acids were assaved 
microbiologically. 

For amino acid analysis, 2.0 ml. of concentrated hydrochloric acid were 
added to 25.0 ml. of urine in a conical beaker. The beaker was capped with 
a small beaker and autoclaved for 10 hours at 120°. The acidified urine was 
then boiled 10 minutes with 250 mg. of norit A, filtered by suction, adjusted 
to pH 6.8, and diluted to volume. For the histidine assay, the original 
urine was diluted 1:40; for the other amino acid assays, it was diluted 1:4. 
All samples were hydrolyzed in duplicate and each hydrolysate analwzed at 
three different levels of concentration. 

Several factors must be considered in preparing urine for microbiological 
assay. The urea must be eliminated, since it inhibits the growth of the 
assay organisms; this is accomplished by autoclaving in 1 N hydrochloric 
acid. Other interfering substances sre also present in the urine: these are 
removed by further treatment of the samples with norit A, after autoclav- 
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ing with acid. The amino acid values are then distinctly higher and less 
erratic. A further advantage is the fact that the urine need not be greatly 
diluted. The assay for methionine continues to be erratic, however, when 
a synthetic medium is used, but yields consistent values when a semisyn- 
thetic medium containing oxidized peptone is employed. 

Recovery experiments were performed for ten amino acids by adding 
measured amounts of pure amino acids to the urine and then subjecting the 
urine to the complete procedure. Only the L-amino acid was considered in 
calculating recoveries, since the organisms used were previously shown to be 
capable of utilizing only the natural isomer. The per cent of recovery 
varied from 90 to 110 per cent for eight of the amino acids analyzed. Since 
approximately 40 per cent of added phenylalanine and cystine was not re- 
eoverable, further studies of these two amino acids were not undertaken at 
this time. 

Preparation of Plasma Samples—100 ml. of venous blood were drawn at 
the end of each period, transferred to a serew-capped bottle containing 
approximately 15 mg. of heparin, and thoroughly mixed. After centrifuga- 
tion of the blood, the plasma was removed, and aliquots taken for nitrogen 
analysis, amino acid assay, and for the preparation of the tungstic acid 
filtrates. 

For amino acid analysis of total plasma, 1.0 ml. of plasma was added to 
a conical beaker and autoclaved for 10 hours at 120° with 20 ml. of 2 N 
hydrochloric acid. The samples were then boiled for 10 minutes with 250 
mg. of norit, A, filtered by suction, adjusted to pH 6.8, and made up to 500 
ml. Duplicate hydrolysates were prepared and each analyzed at three 
different leveis of coneentration 

The tungstic acid filtrate for determination of the free amino acids in 
plasma was prepared according to the method of Hier and Bergeim (3). 

For determination of the total non-protein amino acid content of plasma, 
20 ml. of tungstate filtrate were added to a conical beaker with 1.0 ml. of 
concentrated hydrochloric acid and autoclaved 10 hours at 120°. The 
sample was then adjusted to pH 6.8 and made up to 40 ml. If sediment 
appeared in the solution, the sample was filtered before analysis. As usual, 
dupheate hydrolysates were prepared and each one analyzed at three ditfer- 
ent levels of concentration. 

Microbiological Procedure—The media employed are listed in Table I. 
Streplococeus faecalis Was used with Medium | for the assay of leucine, isoleu- 
cine, valine, threonine, arginine, and histidine. Leuconostoc mesenteroides 
P-60 with Medium 2 was used for the assay of lysine and with Medium 3 
for the estimation of methionine. The oxidized peptone was prepared 
according to the method of Lyman ef al. (4). 

The stock cultures of the assay organisms were maintained on a medium 
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Taste I 
Media for Microbiological Assays of Amino Acids 


d to be assaved is omitted from the medium. 


Medium 1 Medium 2 
L-Asparagine. 200 mg. 200 mg. 
L-Arginine. . 200 
L-Histidine. 200 
L-Lysine. .. 200 
L-Cystine... 200 200 
L-rroume....... 
L-Tyrosine. 200 200 * 
pL-Alanine... 200 ** 
pu-Isoleucine 
pL-Leucine. .. 200 20) * 
pu-Valine. . 20) 20) 
pu-Threonine. . 200 
pu-Methionine.. . 200 
pL-Norleucine...... 200 
pL-Phenylalanine 
pL-Serine. .. 200 
pi-Tryptophan . 200 200 
Salts A 
Salts B 
Calcium pantothenate | 5OO * 
Riboflavin. ..... §00 500 
p-Aminobenzoic acid... .. 900 
Folic acid (synthetic) 10 ** 
Adenine sulfate... 10 mg. 10 mg. 
Guanine..... 
Xanthine...... 10 
Glucose 4 10 gm. 10 gm. 
Sodium acetate 10 
citrate... 
Adjust to pH 6.8 
500 mil. 500 mil. 


Add distilled H.O to 


110 


In each assay tube 
2.5 ml. of medium were added to 2.5 ml. of the sample being analyzed. 


Medium 3 


200 meg. 
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200 
200 
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200 
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composed of glucose 1 per cent, Bacto-peptone 0.5 per cent, veast extract | 
per cent, Salts A and B in the same concentrations as in Table 1, sodium 
acetate 0.5 per cent, and agar 2 per cent. The stab cultures were kept in 
tubes covered with screw caps and stored in the refrigerator; capping the 
tubes with screw caps prevents the agar medium from drying and permits 
bimonthly subculturing. 

After addition of standard or unknown solutions to the assay tubes, the 
volume Was adjusted to 2.5 ml. with water, and 2.5 ml. of medium were then 
added to make the final volume 5.0 ml. Small metal caps were placed over 
each tube and the tubes were then autoclaved. The period of sterilization 
was measured from the time that the temperature within the autoclave 
reached 60°. After 10 minutes, during which time the temperature reached 
110°, the steam was shut off and the autoclave allowed to cool till the cham- 
ber pressure descended to atmospheric pressure. In this manner carameli- 
zation is held to a minimum; yet growth by contaminating organisms is 
completely prevented. The tubes were then placed in a refrigerator and 
quickly cooled to room temperature. Prior to inoculation of the tubes, a 
culture was transferred to 10 ml. of liquid medium of the same composition 
as the medium described for maintaining stock cultures (agar omitted), and 
incubated 24 hours at 87°. The cells were centrifuged, washed once with 
sterile distilled water, recentrifuged, and suspended in 50 ml. of sterile dis- 
tilled water. 1 drop of this suspension was added to each assay tube. To 
determine whether adding exactly the same number of organisms to each 
tube would give more consistent results, a sterile medium was inoculated 
with an assay organism and mixed well. Then exactly 2.5 ml. of the inocu- 
lated medium were added to each of a previously sterilized series of tubes 
containing 2.5 ml. of sample. ‘This procedure, however, did not add to the 
consistency of the results. The dropwise inoculation of each tube was 
therefore adhered to because of its greater ease. 

The inoculated tubes were incubated for 16 hours in a constant tempera- 
ture water bath maintained at 35°. 

Values were determined turbidimetrically with a Coleman junior spectro- 
photometer. A 19 & 105 mm. cuvette is a very convenient size in which to 
read the results. It is important in determining the minimum volume to be 
used in the tube that the light source does not pass through the meniseus 
of the solution. ‘Theretore, by fillyng the upper half of the tube adapter shit 
with de INhotinsky cement, or a piece of Wood painted black, the spread of 
the light source is diminished, and the minimum volume can be reduced to 
about 2.0 ml.! ‘This size of tube is sufficiently wide to permit adequate 
deflection of the galvanometer by average turbidities developed in the 


Burfisher, W. C., Wilkens Anderson Company, personal communication. 
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assay tubes to yield accurate readings. Turbidimetric measurement of the 
growth of the assay organisms reduces the time required for such an analysis 
and, in our hands, has yielded much more consistent results than have other 
procedures. 

TaBLe II 
Microbiologically Available Amino Acids tn Urine of Adult Men Fed Normal Diets 


Averaged results of two 6 day periods for each subject. 


Amino acids ingested Amino acids excreted Ingeste 1 amino acids 
per period per period excrete in urine 
Subject I Subject 2 Subject 1 ubject 2 Subject 1 subject 2 
gm am. Per cent fer cent 
Leucine 31.56 37 86 0.10 ).32 0.54 
Isoleucine 21.60 22.80 00S 0.35 0.56 
Valine... 21.30 24.60 0.10 115 47 0.61 
Threonine 15.00 19.44 45 2.31 
Arginine 19.08 28.02 0.12 0.19 0.61 0.68 
Histidine 13.08 2.44 18.63 
Lysine. 18.72 28 0.31 80 1.06 3.07 
Methionine 7.14 10.50 0.03 07 O47 1.67 


IIl 


Concentration of Amino Acids in Plasma and Urine 


Amino acids Free amino N on-protein 

in hydrolyzed acids in amino acids 
"ne 

whole plasma plasma in plasma ; | 


Amino acid 


Subject Subiect Subject Subject Subject Subject Subject Subject Subject Subject 
2 2 I 1 2 i 2 


Leucine 6.66 6.66 24.98 24.92 36.73 34.04 19.76 32.24 0.44 0.52 
Isoleucine 1.66 1.60 18.00 18.15 23.70 36.63 15.06 20.18 0.49 0.50 
Valine. . 4.30 3.57 | 22.35 26.72 39.95 43.95 19.25 23.52 0.40 0.46 
Threonine 4.13 3.91 | 20.85 21.63, 32.60 51.23 52.60 71.48 1.24 1.19 
Arginine 3.29 3.77 | 17.18) 16.47 22.13 37.13 23.28 30.01 0.82 0.69 
Histidine 2.14 2.21 17.03 14.11) 20.77) 23.72 142.90 387.60 5.31 13.87 
Lysine. . 6.41 8.41 20.78 24.70 36.10 60.21 61.75 140.54 1.32 2.00 
Methionine 0.46 0.50: 3.23° 4.52 3.20 4.83 6.66 10.92 1.59 1.94 


*C, = ml. of plasma cleared per minute = U/PyV, where U = concentration 
of an amino acid in urine, P = concentration of an amino acid in plasma, and V = 
volume of urine exereted per minute averaged for two 6 day periods 


RESULTS AND DISCUSSION 


The data obtained tor two representative periods mn cach subject are pre- 
sented in Tables [land I[f. The quantity of amino acids excreted in the 
urine, averaged forthe two subjects, ranged from 0.43 per cent of the amount 
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ingested for leucine to 12.645 per cent for histidine. For the eight amino 
acids siudied an average quantity equal to 2.46 per cent of the amount, in- 
gested Was exereted in the urine. These data should not be interpreted as 
indicating that the diet was the direct source of the amino acids present in 
the urine; they merely reflect the quantitative relationships. The fact that 
both subjects were in slightly positive nitrogen balance and maintained 
their weight throughout the period of study indicates that the diet was ade- 
quate and that the excreted amino acids were normal constituents of the 
urine. €omparison of the data in this paper concerning the excretion of 
amino acids in the urine of humans with that reported by other investiga- 
tors Is presented in Table IV. The agreement is good in every case. 


TABLE I\ 


Comparison of Average Microbiological Values of Total Urinary Amino Acid Excretion 
of Human Subjects on Normal Diets 


Present report | Woodson et al. (S) | Dunn et al. (6 

me. per 24 ars mc. ber 24 ars | mg. per 24 hrs 
Leucine 25.8 21.2 31.2 
Isoleucine 17.5 20.3 19.3 
Valine... 19.8 29.0 
Threonine 60.0 53.5 57.8 
Arginine 23.7 35.6 
Histidine ia 263 .3 203 .3 188.5 
Lysine 100.0 73.2 $3.1 
Methionine 8.3 8.6 11.9 


Values were obtained tor the concentration of free amino acids in plasma 
(tungstate filtrate) and the so called non-protein umino acids in plasma 
(tunustate filtrate hydrolysate), as well as of individual amino acids in 
hydrolyzed whole plasma. In all cases, with the exception of methionine, 
the hydrolysis of the plasma tungstate filtrate resulted in large increases in 
microbtologically available amino acid in the filtrate. The concentration 
of the eight amino acids in hydrolyzed whole plasma is presented for com- 
parison with the concentration of non-protein amino acids in plasma in 
Table IN. Ixcept tor isoleucine, the general paitern of the non-protein 
amino acids, though not the actual values, conforms to that of the amino 


acids in whole plasma. 

In the course of developing the procedure tor the amino acid analysis of 
urine, it was found that, in those instances in which the urine could be 
analyzed without previous hydrolysis, hydrolysis resulted in an increase in 
the microbiologically available amino acids. If this increase were due to 
hydrolysis of polypeptides, or amino acid esters, it might be assumed that 
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amino acids in similar forms are also present in plasma. Therefore, the 
plasma tungstate filtrates were also hydrolyzed and the values thus obtained 
used in calculating the renal clearances of amino acids. 

The increased amino acid values obtained by hydrolyzing the tungstate 
filtrates were attributed initiglly to hydrolysis of protein which had escaped 
precipitation by the deproteinization procedure. However, since the rela- 
tive increases in the various amino acid values do not coincide with the 
amino acid concentration of total plasma proteins, plasma albumin, or 
plasma fibrin, as listed by Block and Bolling (7), it does not appear probable 
that the higher values for the tungstate filtrate are due to the hydrolysis of 
these plasma proteins. The increased values for several amino acids in the 
filtrate hydrolysates vary quite markedly over a period of several weeks and 
the percentage increase for each amino acid is independent of the increase 
of the other amino acids. It seems logical to assume, therefore, that the 
higher values are the result of hydrolysis of peptides, polypeptides, or esters 
of amino acids with compounds such as cholesterol. 

The relative concentrations of non-protein amino acids and free amino 
acids of plasma tend to conform to the relative quantities of the individual 
amino acids ingested. ‘The relative quantities of the amino acids excreted 
in the urine, however, do not follow this pattern. It is further observed 
that there is an enormous variation in relative renal clearance of the various 
amino acids. For example, the average renal clearance of histidine for the 
two subjects is 9.59 ml. of plasma cleared per minute. On the other hand, 
the average renal clearances of threonine, lysine, and methionine are be- 
tween 1 and 2 ml., and for leucine, isoleucine, and valine less than 1 ml. of 
plasma cleared per minute. ‘These data suggest that the renal tubules 
possess a marked selectivity in their normal reabsorptive function. 


SUMMARY 


The ingestion, blood levels, and excretion in urine of eight amino acids 
were measured microbiologically in two normal adult men on normal diets. 
The procedures emploved for the assay of the eight amino acids are de- 
scribed. 

The averaged quantity excreted in the urine ranged from 0.43 per cent 
of the intake for leucine to 12.65 per cent for histidine. Tor the eight amino 
acids studied, a quantity equal to 2.46 per cent of the amount ingested was 
excreted in the urine. 

The normal renal clearance of the eight amino acids, averaged for the two 
subjects, varied from 0.43 for valine to 9.59 for histidine. 


The authors wish to express their gratitude to Miss Blanche Parish, 
R. N., for supervising the collections and caring for the subjects, to Miss 
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Mr. John Doull and Mr. Richard Herz, for their cooperation during the i 

study. | 
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THE UTILIZATION OF LABELED GLYCINE IN THE PROCESS 
OF AMINO ACID INCORPORATION BY THE PROTEIN 
OF LIVER HOMOGENATE* 


By THRODORE WINNICK, FELIX FRIEDBERG,t 
anp DAVID M. GREENBERG 


(From the Inivision of Biochemistry, University of California Medical School, Berkeley) 
(Received for publication, February 17, 1948) 


The incubation of rat liver slices in an oxygenated medium in the presence 
of either 8*-labeled methionine (1) or C'*-labeled alanine (2) results in an 
uptake of the radioactive amino acid into the protein of the slices. A simi- 
lar renction has been noted between the protein of intestinal slices and C%- 
labeled glycine (glycine*) (3). Presumably the residues of the labeled 
amino acids become components of the protein molecules. The inhibition 
of the (* incorporation by heat or sodium azide suggests that the process is 
mediated by enzymes (5). 

Recently (4) 1t was reported that glyeine* is incorporated into the pro- 
teins of homogenized preparations of spleen and liver upon incubation under 
suitable conditions. kurther work has shown that the process involved is 
not simply one ot glycine*™ incorporation into protein. Instead, the major 
portion of the ('* tound in the homogenate protein can be attributed to 
other amino scids, particularly serine, derived apparently from glycine. 
These results are reported separately (D). 

The present paper describes the effect of various metabolites, inhibitors, 
and certain experimental conditions on the process of C* incorporation by 
liver homogenate protein in the presence of glycine*. 

Of several different organs tested, rat spleen yielded the most active 
homogenate preparations. However, spleen tissue is complex histologi- 
eally, 1m that tt consists of several types of small cells, and the destruction 
of the latter by mechanical grinding ts difficult to gage. By contrast, liver 
consisis mainly of cells of one type. These cells are rather large (about 
25 to 30 uw in diameter in the rat) and are readily ruptured in a glass 
homogenizer. The small fraction of the hepatic cells which escapes disinte- 
gration can be removed by low speed centrifugation. Homogenates pre- 
pared in this manner are free from intact liver cells. They contain abun- 
dant nuclei, as well us cytoplasmic material, leucocytes, and erythrocytes. 


* Aided by yvrants trom the American Cancer Society (recommended by the 
Commit tee on Growth of the National Research Counel) and the National Cancer 
Institute, United States Publie Health Service 

* National Cancer Institute Senior Research Fellow 
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In the presence of glycine* these cell-free preparations can incorporate 
C* into their protein substance at rates comparable to those observed with 
liver slices. 

As in p-aminohippuric acid (PAIL) synthesis (6), the enzyme activity is 
found to be associated with the insoluble particles of the rat liver cells, 
However, as might be expected, PAH synthesis (from glycine and hippurie 
acid) and glycine* utilization by homogenate protein differ markedly in cer- 
tain respects. One difference which may be mentioned at this point is that 
PAH synthesis was observed only in liver and kidney preparations, while 
glycine* utilization occurs in homogenates of virtually all of the several 
organs. 


TABLE 
Composition of Standard Medium 
The solution was prepared with sterile distilled water and saturated with a mix- 
ture of 95 per cent oxygen-5 per cent CO, gas. Its final pH was 7.4. It was found 
advisable to prepare fresh solutions about twice monthly and to store these in the 
refrigerator to prevent spoilage. 


Constituent Concentration 


gm. per 100 ml. solution 


0.06 
0.10 


Sodium citrate. . 0.03 


EAPERIMENTAL 


Radioactive Glycine—-The glycine* employed was labeled with C™ on the 
methyl carbon position (7). It had a specific activity of 3.1 microcuries 
(approximately 400,000 counts per minute per mg., as measured with the 
mica window counter tube employed in these experiments). Sterile solu- 
tions containing 1 mg. of glycine* per ml. of distilled water were prepared 
and stored in the refrigerator. Aliquots, generally contaming 0.2 mg. 
(80,000 counts), were used for individual experiments. 

Standard Medium—A modified Krebs-Henseleit medium, of the compo- 
sition given in Table I, was used in the preparation of the liver homogenates. 
3 ml. of 1 per cent calcium chloride were added to 100 ml. of medium just 
prior to use.! 

Preparation of Homogenate—Rats (150 to 200 gm.) were killed and the 


1 A precipitate or turbidity due to calcium carbonate develops slowly on standing. 
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livers removed. 1 gm. portions of liver were homogenized thoroughly with 
15 ml. quantities of cold standard medium in a glass homogenizer equipped 
with a close fitting, rapidly revolving piston. The resulting suspension was 
then centrifuged for 2 minutes at 500 to 600 r.p.M. (in an angle head centri- 
fuge). ‘The supernatant liquid was removed by siphoning and employed 
in the experiments to be described. The small sediment of surviving liver 
cells Was discarded. The pH of the homogenate was 7.5 to 7.6. 

Preparation of Washed Insoluble Cell Particles—Liver homogenate was 
prepared with either the standard medium or an isotonic saline-bicarbonate 
solution,? in the manner already described. About 200 ml. of this homog- 
enate were centrifuged for 15 minutes at 4000 r.p.m. ina refrigerated (angle 
head) centrifuge. The supernatant solution was discarded. The sedi- 
ment? was mixed thoroughly with 75 ml. of standard medium, or saline- 
bicarbonate solution, and centrifuged as before. This last step was 
repeated a specified number of times. Finally, the sediment was suspended 
in 10 ml. of either standard medium or saline-bicarbonate and used without 
delay in the incubation procedure. 

Incubation of Homogenates in Presence of Glycine*-—3 ml. aliquots! 
of freshly prepared homogenate were pipetted into 50 ml. glass-stoppered 
flasks containing measured amounts of glycine. Fach flask was flushed 
thoroughly with 95 per cent oxygen-5 per cent carbon dioxide mixture, 
stoppered, and then agitated in a 37° water bath for a definite time, gener- 
ally 90 minutes. 

In certain specified cases, 0.5 ml. aliquots of the preparation of washed 
insoluble particles were used instead of 3 ml. of whole homogenate. In 
these instances, 2.5 ml. of nutrient medium were added to each flask. 

Separation of Radioactive Protein—aAt the conclusion of the reaction pe- 
riod, the protein of the homogenates was precipitated by the addition of 10 
ml. of 12 per cent trichloroacetic acid to each flask. The precipitates were 
collected by centrifugation, washed three times with 12 ml. quantities of 
5) per cent trichloroacetic acid, and then twice with acetone, being centri- 
fuged after each washing. 

Measurement of Radioactivity of Protein-—Vhe protein material in each 
tube was suspended in acetone and transferred to a weighed 5.5 em. No. 50 
Whatman filter paper, with the aid of a Tarver type filter (8). The pre- 
cipitates (12.5 em. in area, generally 22 to 26 mg. in weight) were dried for 


* Composed of 8.0 gm. of NaCl and 2.5 gm. of NaHCO, per liter of water, saturated 
with 95 per cent Oo-5 per cent CO, gas; pH approximately 7.3. 

? It consisted of two layers: a light brown upper layer, rich in nuclei and mito- 
chondria, and a smaller bottom layer of erythrocytes. It was not considered im- 
portant to separate these layers. 


‘Each contained about 25 mg oof protein. 
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an hour at 100° and then equilibrated in air.6 The papers were reweighed, 
and the radioactivity of the layers determined with the Autoscaler® mode] 
Geiger-Miiller counter. 

In order to compensate for the self-absorption of radiation, the radioae- 
tivity of each protein sample was compared to that of a glycine standard, 
prepared by diluting a definite amount of glycine* with a quantity of inac- 
tive organic material (glycine) of the same weight and layer thickness as the 
protein. In this way the concentration of labeled carbon in the protein 
could be ascertained. This concentration was generally expressed as counts 
of C™ per minute per mg. of protein per hour of incubation. 


TABLE II 


Effect of Repeated Washing with Standard Medium on Activity of Insoluble 
Homogenate Particles 


The results were corrected for a background of 51 counts per minute. Errors due 
to self-absorption of radiation were compensated by comparison with glycine* 
standards, as indicated in the experimental section. The triplicate values in the 
second column pertain to separate incubations of aliquots taken from the homogenate 
preparation at different stages. The quantity of protein in the aliquots was in the 
range of 20 to 30 mg. 


Average per cent de- 


adioactivitv o otein, counts 
Radioactivity of prote eager viation of individual 


Experiment per ag hr. of results from 
Homogenate centrifuged 15 min. at 4000 12.6 
R.P.M.; supernatant assayed 
Sediment from preceding experiment 14.7, 15.9, 16.3 | 4.3 
assayed | 
Sediment washed once 12.3, 13.7, 14:6 6.3 
64. 93,85 6.5 


Accuracy of Radioactivity Measurements and Reproducilility of Results— 
The protein samples usually had activities of the order of 5 to 10 times the 
background strength. They were counted for time intervals (generally 5 
to 20 minutes) sufficient to reduce the counting error to less than 3 per cent. 

All experiments were performed at least in duplicate. ‘Table IT illus- 
trates the degree of reproducibility of replicate assays. In Tables IIT and 
LV the averages of duplicate determinations are given. The average agree- 
ment between these duplicate determinations was 6 per cent. 

Inasmuch as homogenates prepared on different days (from different 


5 These preparations contained 14 per cent nitrogen. 
§ Manufactured by Tracerlab, Inc., 55 Oliver Street, Boston. 
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livers) sometimes differed as much as 30 per cent in activity, it was simplest 
to express certain of the results (Tables III] and IV) in terms of relative, 
rather than absolute, radiocativity units. In these instances, values are 
given for the radioactivities of the reference homogenates. 


RESULTS AND DISCUSSION 


Rate of C™ Incorporation into Protein Curve 2 of Fig. 1 indicates that 
the quantity of C™ incorporated into protein increased uniformly with time. 
From the initial slope of the curve, it may be calculated that 0.004 y of 
labeled carbon was contained in each mg. of protein after 1 hour. 1 y of 
this carbon was equivalent to 2000 counts per minute. The radioactivity 
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Fig. 1. Rates of oxygen consumption and C' utilization by liver homogenates. 
Each of a series of flasks contained 0.2 mg. of glycine* and 3 ml. of homogenate. 
Curves 1 and 38, oxygen consumption by active and boiled homogenates; Curves 
2 and 4, C'™ incorporation by active and boiled homogenates. The oxygen con- 
sumptions were measured in the Warburg apparatus in the presence of ordinary 
glycine and in an air atmosphere. 


incorporated into the 25 mg. of protein of the average homogenate in this 
period was equivalent to 0.1 y of labeled carbon, or 0.25 per cent of the total 
amount emploved (40 y of carbon in 0.2 mg. of glycine*). 

The heated homogenates (Curve 4) exhibited virtually zero activity. 

The rate of C™ uptake by homogenates was approximately one-third that 
found with liver slices under almost identical conditions.’ 

It is of interest that the homogenate utilized oxygen (Curve 1). The 
initial rate of oxygen consumption was approximately one-fourth that with 
liver slices.’ Heated homogenate showed a very low consumption (Curve 
3). That the oxygen consumption was related to the glycine* utilization 


7The reaction rate with slices was determined by Mr. P. Siekevitz of our 
department. 
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by protein was further indicated by the observation that the latter process 
Wes drastically inhibited when the incubations were conducted in a nitrogen 
atmosphere. Frantz and coworkers (2) found that liver slices do not take 
up labeled alanine under anaerobic conditions. 

Homogenates, evidently, afford particularly favorable conditions for the 
growth of microorganisms. In some preliminary experiments, in which 
undue contamination apparently occurred, Curve 2 of Fig. 1 assumed an 
autoeatalytic character, with a steep upward inflection after 3 to 5 hours, 

Influence of Glycine* Concentration—Fig. 2 indicates that the absolute 
amounts of C™ incorporated into protein increased with increasing concen- 
tration of glycine* in the homogenate system. However, the effictency of 


RATE OF GLYCINE UPTAKE 


(COUNTS PER MIN PER MG PROTEIN PER HOUR REACTION TIME) 


GLYCINE* CONCENTRATION (MOLARITY « 104) 
bic. 2. kffeet of variations in glycine*® concentration on the rate of ©C!* ineorpor- 
ation into the protein of homogenate. The reaction time was 90 minutes. [ach of 
a series of flasks contained 5 ml. of homogenate and a quantity of glycine*® ranging 


irom O.07 to OSS me. 


the process was greater at lower concentrations. lor example, at a gly- 
cine* concentration of 2 * 104M, about 0.3 per cent of the total C* in the 
system was taken up by the protein per hour, while at a concentration of 
35 & 10°+ M, the corresponding percentage was 0.06. Similar results were 
obtained by Melchior and Tarver (1) with liver shees and labeled met hio- 
nine. 

effect of pll--The preparation of washed insoluble particles (rather than 
the whole homogenate) was emploved here to facilitate pH adjustments. 
The rate of glycine* utilization was found to have a wide optimum pH 
range, centering about pH 7.5 (Fig. 3). By contrast, the curve for PAH 
synthesis exhibited a very sharp peak at pH 7.5 and relatively low activity 


above pH 7.9 (9). 
W Association of Protein Activity with Insoluble Particles of Homogenate 
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The enzyme system which regulated the C™ incorporation into protein was 
found to be associated with the insoluble particles of the homogenate, since 
it sedimented together with these particles (Table II]). The particles were 
about twice as active (per mg. of protein) as the whole homogenate, or about 
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PH OF HOMOGENATE 


Pic. 3. Relation between pHL and rate of incorporation of ©! into protein. 0.5 
ml. aliquots of a preparation of washed insoluble particles of liver homogenate were 
added to 2.5 ml. portions of nutrient solution containing varying amounts of NaHCQ,. 
The pH values were measured at the conclusion of a 90 minute reaction period. 
0.2 my. of glycine* was used per flask. 


TABLE IIl 


Kffect of Different Preliminary Treatments on Activity of Liver Homogenates 
Relative radivactivity 


Experiment of protein 


Liver homogenized with standard medium 1O0F 
“distilled water; medium added subse 19 
quently 

Liver frozen (with dry ice) and thawed 6 times prior to being ho 6 
mogenized 

Liver homogenate lyophilized and reconstituted with water 14 

Homogenate maintained for 24 hrs. at 3° prior to addition of gly- IS 


cine* and incubation 
Liver perfused in situ with saline prior to being homogenized 1O4 


+ This activity averaged 8.2 counts per minute per mg. of protein per hour of 
reaction time with homogenates prepared on different days. 


two-thirds as active as slices. ‘The supernatant solution had a relatively 
low activity. Repeated washing of the particles with standard medium 
resulted in a partial loss of activity. The third column in ‘lable II indicates 
the degree of reproducibility with replicate experiments. 

Kffect of Various Preliminary Treatments (Table 111) ~The importance 
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of tonicity is shown by the fact that homogenizing in the presence of distilled 
water destroyed most of the activity. The need for structural integrity is 
further indicated by the markedly lowered rate of C'™ uptake following lyo- 
philizing or repeated freezing and thawing. Similar results were obtained 
in connection with PAH synthesis (6) and were interpreted in terms of 
changes in the state of aggregation of nucleoprotein. 


Taste lV 


Influence of Various Substances on Uptake of C% by Insoluble Particles of 
Liver Homogenate 


The particles were washed three times with saline-bicarbonate solution. 


— 


Relative radio- 


Change in composition of standard medium | activity of protein 
None (standard medium)... | | LOOt 
Medium replaced by saline-bicarbonate solution. | 35 
Potassium omitted from standard medium St) 
Magnesium S5 
Calcium omitted .. 43 
(;lucose 
Citrate 
Both glucose and citrate omitted : 7s 
Citrate replaced by 0.002 mM fumarate S7 
5X 10% Mm evtochrome C added to medium SS 
5 X cozymase SS 
0.002 m pyridoxal added Gs 
(). replaced by Ne atmosphere 10 
0.001 m ATP added; Ne atmosphere 15 
0.002 Mm L-phosphoglyceric acid added; Ne atmosphere 15 
Cytochrome + ATP + fumarate + cozymase added O7 
0.005 Mm eyanide added 5 
0.005 mM azide added 5 
0.1% amino acid mixture added 65 


t This activity averaged 17.1 counts per minute per mg. of protein per hour of 
reaction time with homogenates prepared on different days. 


The homogenate lost activity slowly at refrigerator temperatures and 
retained only 18 per cent of its original activity after 24 hours at 3°. 

Since intact blood cells were present in the homogenates, the possibility 
existed that these cells were responsible for the C'* uptake. However, the 
activity was not lowered when perfused liver was used in the preparation of 
the homogenate. In addition, it was found that neither rat (non-nucleated) 
nor chicken (nucleated) ervthrocytes had significant activity when ineu- 
hated with glycine* in the standard nutrient solution. 

Importance of Various Metabolites (Table IV) ~The particles, freed of 
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soluble constituents by three washings with saline-bicarbonate solution, 
provided a favorable material for a study of the rdle of these same constitu- 
ents in the process of C' incorporation into the homogenate protein. When 
incubated in saline-bicarbonate solution, the particles had only a third as 
much activity as when tested in the presence of the standard medium. 

Of the individual inorganic ions, the omission of calcium resulted in the 
greatest decrease in the rate of C’ uptake. In contrast to this observation, 
the omission of calcium led to a stimulation of PAH synthesis (9). 

The omission of either glucose or citrate (or both) from the medium re- 
sulted in a decrease of approximately 20 per cent in the rate of C™ incorpora- 
tion. Fumarate appeared to substitute only partially for citrate in the 
presence of glucose. In the case of PAH synthesis, fumarate was the most 
effective of a number of metabolites (chiefly components of the tricarbox- 
ylie acid cycle) in stimulating the reaction (9). 

Other indications that the mechanism of C' incorporation differs from 
that of PAH synthesis are findings that neither cytochrome c, under aerobic 
conditions, nor adenosine triphosphate (ATP), anaerobically, stimulated 
the former process significantly. Likewise, it was found that ATP failed 
to reactivate preparations which had previously stood for 24 hours in the 
refrigerator. Phosphoglycerie acid, which can act as an ATP generator in 
certain cases (10), did not promote C'™ uptake anaerobically. Cohen and 
MeGilvery (6) regard ATP as essential to PAH synthesis. 

Pyridoxal, concerned with phosphate transfer in connection with decar- 
boxylase and transaminase activity, had no effect on C utilization by 
homogenate protein, and had a slight depressant action at higher concen- 
trations. 

A combination of cytochrome, cozymase, ATP, and fumarate exerted a 
depressant effect on C™ utilization, whereas a like combination stimulated 
PAH synthesis. 

The results obtained thus far permit no definite conclusions concerning 
the mechanism of the glycine* utilization process. There is as yet no evi- 
dence that phosphate bond energy is required. However, some type of 
oxidative mechanism is certainly suggested by the fact that oxygen is re- 
quired and that evanide and azide are strong inhibitors of the reaction. 

It is worthy of note that the addition of a mixture of all of the various 
amino acids (except glycine) depressed, rather than stimulated, the rate of 
C™ uptake. In this connection, it may be noted that C!' incorporation 
occurs With washed particles, presumably freed from amino acids. How- 
ever, certain of the acids other than glycine can apparently be derived from 
glycine (5), while autolysis may supply others. The C™ of the homogenate 
protein is distributed among several amino acids (5). Nevertheless, it can- 
not be concluded that the incorporation of a given amino acid requires the 
participation of other amino acids. 
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SUMMARY 


The incorporation of C™ into the protein of cell-iree homogenates of rat 
liver has been observed, following incubation with labeled glycine at 37° in 
an oxygen atmosphere. The process appears to be enzymic in nature. It 
is inhibited by heat, evyanide, azide, and anaerobic conditions. The rate of 
incorporation of C™ is dependent upon the glycine concentration, time of 
reaction, and pH of the medium. 

The enzyme system which promotes the utilization of the C™ of glycine 
is associated with the insoluble particles of the homogenate. The process 
is promoted by certain inorganic ions: magnesium, phosphate, potassium, 
and particularly calcium. Of a number of organic substances tested, glu- 
cose and citrate exerted a slight stimulatory effect. Adenosine triphos- 
phate, cytochrome, pyridoxal, and cozymase, on the contrary, caused « 
slight inhibition. 


Addendum—Very recently Mr. k. Peterson of our laboratory has olbtained a several 
fold increase in the rate of C" incorporation by reducing the volume of the ineuba- 
tion mixture to 0.33 ml. without altering the amount of homogenized liver or liver 
particles customarily employed. Concentrated particles are about 3 times as active 
as liver slices, and since smaller amounts of glycine* (0.03 mg.) are employed, the 
efficiency is such that approximately 10 per cent of the C™ is incorporated within 
1 hour. 
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DISTRIBUTION OF RADIOACTIVE CARBON AMONG CERTAIN 
AMINO ACIDS OF LIVER HOMOGENATE PROTEIN, 
FOLLOWING UPTAKE EXPERIMENTS WITH 
LABELED GLYCINE* 


By THEODORE WINNICKh, INGRID MORING-CLAESSON,+t ann DAVID M. 
GREEN BERG 


(From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, February 17. 1948) 


Following the demonstration that C™-labeled glycine (glycine*) is taken 
up by the protein of cell-free homogenates of rat liver (1), it was pertinent 
to demonstrate that the radioactivity of the protein was due to incorporated 
amino acids and to identify the latter. 

Frantz, Loftfield, and Miller (2), in studying the uptake of alanine* by 
liver slices, showed that a large percentage of the radioactivity of the pro- 
tein was due to alanine*. They added relatively large proportions of inert 
alanine carrier to hydrolysates of the protein, and then isolated and purified 
the alanine by repeated recrystallization. 

A technique similar to that of Frantz and coworkers was employed by us 
to investigate the distribution of C™ in homogenate protein, following in- 
cubation experiments with glycine*. The results have indicated that a 
large portion of the C" is contained in serine and that glycine itself accounts 
for only about one-eighth of the total radioactivity of the protein. 

In order to determine with certainty the identity of the radioactive sub- 
stance in the isolated glycine and serine, these amino acids were converted 
into suitable derivatives. Also, degradation procedures were used in cer- 
tain cases to determine the position of the C'™ in amino acid molecules. 


EXPERIMENTAL 


Labeled Glycine NH2)COOH containing 4.57 microcuries (560,000 
counts per minute per mg. in the Geiger-Miiller counter) was synthesized 
by Ostwald (3) from methyl-labeled acetate (4).' 

Homogenate Protein—O0.5 gm. of liver homogenate protein was prepared 
by incubating insoluble cell particles with C'H.(N H.)COOH under suitable 
conditions (1). 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council), the National Cancer Institute, 
United States Publie Health Service, and the Rockefeller Foundation. 

+ Permanent address, Upsala University, Upsala, Sweden. 

‘Dr. Rosemarie Ostwald in collaboration with Professor M. Calvin of the Uni- 
versity Radiation Laboratory. 
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Isolation of Amino Acids—The protein was hydrolyzed with 15 parts of 
6 N hydrochloric acid in a sealed tube in an autoclave for 18 hours at 17 
pounds pressure. The hydrolysate was decolorized with carbon, evapo- 
rated to dryness, redissolved in water, and freed from residual chloride with 
silver carbonate. Separate aliquots, each representing 75 mg. of the origi- 
nal protein, were mixed with 300 mg. quantities of various pure amino acids 
that served as carriers. The different amino acids were then isolated by 
the following procedures: L-Ghatamic and L-aspartic acids were precipitated 
from concentrated aqueous solutions at pH 3.2, while ethyl alcohol was 
added to promote the crystallization of glycine, pL-alanine, and DL-serine 
from neutral solutions. The amino acids were recrystallized (a specified 
number of times) to constant radioactivity. L-Arginine was first separated 
as the diflavianate and then converted to the monohydrochloride. 


| 
Derivatives of Glycine, Serine, and Alanine 
The derivatives were prepared from four times reerystallized alanine and seven 
times recrystallized glycine and serine. 


Mop. Nitrogen 
Compound 
Found Reportedt Found Theory 
per cent per cent 
Acetylglycine 205-206 207-208 (5) 11.45 11.95 
Phenvlureidoserine 14-166 168-169 (6) 12.22 12.49 
161 160-161 (7) 7.09 7.22 


+ The figures in parentheses refer to the bibliography. 


Nitrogen determinations on the purified amino acids gave results which 
agreed in all cases with theoretical values to within 0.5 to 1 per cent. 

Purification of Glycine and Serine -5O to 100 mg. quantities of seven 
times recrystallized glycine and serine were converted to the acetyl (5) and 
phenylurea (6) derivatives, respectively. These derivatives were recrystal- 
lized twice from hot water and dried at 100°. Their purity was established 
by melting point and nitrogen determinations (Table I). Data are also 
given for benzoylalanine, prepared by the method of Dunn and coworkers 
(7). This compound was used in pilot separation experiments, but not in 
connection with protein analysis. 

Degradation of Serine—The C™ of the carboxyl group was determined by 
treating 15 mg. of serine (recrystallized seven times) with ninhydrin, ac- 
cording to the procedure of Van Slyke, MacFadyven, and Hamilton (8), and 
collecting the evolved carbon dioxide as barium carbonate. 

The C'™ of the B-carbon was measured by oxidation of 15 mg. of the serine 
with periodate and isolation of the resulting formaldehyde as the dimedon 
derivative (9). 
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Degradation of Alanine ‘The C™ of the carboxyl group was measured as 
in the case of serine. 

The C™ of the a- and @-carbon atoms was determined by treatment of 15 
mg. of four times recrystallized alanine with ninhydrin and isolation of the 
resulting acetaldehyde as the 2 ,4-dinitrophenylhydrazone. ‘The method of 
Van Slyke and coworkers (8) was used, except that 2 ml. of saturated dini- 
trophenylhydrazine in 2 N hydrochloric acid, instead of barium hydroxide, 
were placed in one arm of the apparatus. After the solution was cooled, 
the hydrazone was collected, washed with cold 2 N acid, and dried in air. 

Radioactivity Measurements—-The technique of collecting and counting 
samples is given in the preceding paper (1). Samples of serine which had 
relatively high activities gave counts of 3 to 4 times the background strength 
and could be measured readily with an error in counting of less than 3 per 
cent. The corresponding error was 5 to 7 per cent with other radioactive 
preparations. The reproducibility of measurements with various sub- 
stances is Indicated by the values recorded for successive stages of puri- 
fication. 

The following formula was used to calculate the percentage of the total 
radioactivity of the proteins due to each amino acid: 


™ total C™ due to amino acid A 


Specific activity of A (diluted with carrier) — total weight of A x 100 


7 Specific activity of original protein weight of protein 
The total weight of A was taken as 300 mg. (the quantity of A in the protein 
neglected), and the weight of protein as 75 mg. ‘The term specific activity 
represents counts of C'™ per minute per mg. of amino acid or protein. 

This general procedure is similar to that outlined by Frantz and coworkers 
(2). It does not reveal the actual concentrations of C™ in the amino acids, 
unless the amino acid composition of the protein is also known. 


RESULTS AND DISCUSSION 


Table I] indicates that less than 1 per cent of added glycine is retained 
by either serine or glutamic acid after five recrystallizations. Since aspartic 
acid resembles glutamic acid closely in properties and has a lower solubility 
in water, no difficulty would be anticipated in freeing it of glycine*. It is 
most improbable that glycine* would contaminate the isolated arginine. 

Table II] shows that only about 11 to 12 per cent of the total C™ in the 
protein of liver homogenate was due to glycine*.* 

Approximately 60 per cent of the C'™ was due to serine. This radioac- 

* This same conclusion was reached through separate chromatographic experi 


ments in which hydrolysates of labeled homogenate proteins were eluted from char 
coal columns. 
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Il 
Removal of Small Proportions of Glycine* from Serine, Glutamic Acid, and Alanine 


3 mg. of glycine* (15,000 counts per mg. per minute) were added to 300 mg. of 
inactive amino acid. Glutamic acid was recrystallized repeatedly from hot water 
and washed each time with cold water. Alanine and serine were recrystallized from 
aqueous solution by the addition of alcohol and were washed with alcohol. Ip a 
separate experiment, a mixture of 3 mg. of glycine* and 300 mg. of alanine was 
benzoylated, and the isolated product recrystallized repeatedly from hot water. 
The results are expressed in counts per minute per mg. 


Initial radio- Activity after 4 Activity after s 


Amino acid present in excess mar to crystallizations | crystallizations 
Glutamic acid... 150 0.8 0.4 


Benzoylalanine.... | 150 40 


TaBLe III 


Distribution of C4 among Certain Amino Acids of Liver Homogenate Protein} 


Per cent of total C™ 


C™ content of amino “ \¢ protein due to 


Substance isolated acid 


amino acid 
counts per min. 
per mg. 

Glycine 5th reerystallization 0.74 12.0 
6th 0.70 11.4 

7th 0.75 12.3 

Acetyl derivative 0.67 10.9 

Serine Oth reerystallization 3.98 14.5 
fith x 3.79 61.0 

7th 3.05 

Phenylurea derivative 3.58% 

COOH group 0.00 0.0 

8-Carbon (formaldehyde 6.5 

Alanine COOH group 0.00) 
a- + 8-carbons (acetaldehyde 0.00 O.0 

Glutamic acid Sth reerystallization 0.09 1.5 
Aspartic acid 5th 0.07 1.1 
Arginine 0.05 0.8 


+ The activity of this material corresponded to 24.65 counts per minute per mg. 
t This value was calculated from the observed C!* content of the derivative and its 
weight relative to that of the amino acid. 


tivity was contained chiefly in the a-carbon position, since there was none 
in the carboxyl group and only a low concentration in the 3 position of the 
molecule. These results are consistent with the view that serine was 
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formed by a condensation of the methyl-labeled glycine (or a related 
2?-carbon derivative) with a second substance which provided the B-carbon. 
The process may represent a reversal of that described by Shemin (10), 
whereby the carboxyl and a-carbon atoms of serine give rise to glycine in 
rats and guinea pigs, with glyoxylic acid as a possible intermediate. Re- 
cently Ehrensviird and associates (11) have observed the formation of serine 
from glycine in yeast. 

Alanine isolated from the protein hydrolysate of the liver homogenate 
with carrier was observed to be radioactive.* This activity was retained 
after benzoyvlation. llowever, degradation experiments yielded no C™ in 
the a-, 8, or carboxyl carbon atoms. ‘These findings, together with the 


lV 
Inhilntory Effect of Non-Radivactive Amino Acids on Utilization of Glycine* by 
Liver Homogenate 
3 ml. samples of a preparation of washed, insoluble homogenate particles in 
standard medium (1) were incubated with 0.2 mg. of C“H,(NH,)COOH and 2.0 mg. 
of an inactive amino acid for | hour at 37°. The protein fraction was isolated as 
described in the preceding paper (1). 


(™% content of homogen- Relative incorporation 


nactive amin 4 i 
Inactive amino acid added ate protein ' of C™ into protein*® 


counts per min. per mg. 


None 13.3 100 
Glycine 1.4 10 
pt-Alanine 7.4 56 
pL-Serine 1.6 12 
pi-Threonine 9.5 72 


* The control experiment (no inactive amino acid) is expressed as 100. 


observations in Table I], lead to the conclusion that the alanine was con- 
taminated with C!-containing amino acids. 

The low C™ concentrations found in glutamic and aspartie acids and in 
arginine indicate that the fixation of carbon dioxide, derived from the de- 
composition of the glycine*, was responsible for only a minor traction of the 
C™ incorporated into the liver homogenate protein. This result may be in 
part a Consequence of the use of bicarbonate in the nutrient medium during 
the incubation process. ‘Che bicarbonate would have diluted the radio- 
active carbon dioxide greatly. 

Table I1f accounts for approximately 75 per cent of the C™ of the protein. 
Losses probably occurred during hydrolysis. Also other amino acids, in 
addition to those isolated, may have contained C™. 


*The radivactivity could not be removed by treatment with norit A. 
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In connection with the conversion of glycine to serine, it is noteworthy 
that the addition of excess inactive glycine or serine resulted in an inhibition 
of approximately 90 per cent in the degree ot C™ incorporation into homog- 
enate protein (Table IV)4 This effect can be ascribed to a dilution of ra- 
dioactive by inactive amino acid. Alanine and threonine, which are prob- 
ably not derived from glycine, inhibited C™ uptake to a much lesser degree, 

Lastly, it may be mentioned that results in accord with those in this paper 
were obtained when carboxyl-labeled glycine (3) was used as a source of 
C in homogenate protein. In this case, almost 100 per cent of the C™ 
could be accounted for as carboxyl groups of the hydrolyzed protein. Ser- 
ine again accounted for more than half of the C™. 


SUMMARY 


Radioactive protein, derived from incubation of liver homogenate with 
C-labeled glycine, was hydrolyzed and subjected to analysis. Amino acid 
isolation experiments with non-radioactive carriers indicated that only 11 
to 12 per cent of the C™ in the protein was due to glycine itself. The major 
portion, approximately 60 per cent, of the isotopic carbon was found in 
serine, derived from the glycine. Low concentrations of C™ were found in 
glutamic and aspartie acids and in arginine. Alanine contained no C™, 
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‘ Indication that free serine was formed in the homogenate system was obtained 
by adding inactive serine carrier to a trichloroacetic acid filtrate of the reaction mix- 
ture. After nine recrystallizations, the radioactivity of the carrier accounted for’ 
per cent of the total C' originally employed, whereas in the parallel experiment with 
inactivated homogenate (zero reaction time), the serine carrier had virtually zero 
radioactivity (less than 0.3 per cent of the total C'*). 
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THE INFLUENCE OF pH, DYE, AND SALT CONCENTRATION 
ON THE DYE BINDING OF MODIFIED AND 
UNMODIFIED FIBRIN* 


By MARCUS SINGER PETER R. MORRISONt 


(From the Departments of Anatomy and Physical Chemistry, Harvard Medical School, 
Boston 


(Received for publication, January 23, 1048) 


The combination of cationic and anionic dyes with proteins of tissues is 
difficult to interpret chemically because the reactions depend upon many 
factors. Among these are the physicochemical conditions of staining and 
the chemical structure, purity, and physical state of the protein.' The 
study of these factors may be simplified by employing ‘‘model tissues’? but 
the solid proteins heretofore available for such study (6-0) have certain 
inherent disadvantages (¢.g., wool is a highly specialized fibrous protein 
and gelatin a degraded one). However, fibrin, a solid protein recently 
made available in the form of a film (10, 11), is better suited for this pur- 
pose. Although it is in a solid and insoluble state, fibrin film must be con- 
sidered « native undenatured protein, since the fibrinogen from which it is 
prepared is completely soluble and the conversion of fibrinogen into fibrin 
by homologous thrombin is chemically identical with the physiological for- 
mation of fibrin within the body. Homogeneous sheets of film may be pre- 
pared at uniform and desirable thicknesses, and these sheets may be stained 
under suitable experimental conditions. The amount of dye combined 
with the fibrin may be measured photometrically. In the present report, 
the interactions of fibrin with cationic and anionic dyes and the effects 
thereupon of variations of concentration of dye, of ionic strength, and of pH 
of the staining solution will be considered. ‘The effects of three denaturing 
treatments upon the subsequent interaction of fibrin and dye will also be 


described .* 


* This paper is No. 71 in the series “Studies on plasma protein”? from Harvard 
Medical School, on products developed by the Department of Physical Chemistry, 
from blood collected by the American Red Cross. The investigation was aided by a 
grant to the Department of Anatomy from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 

t Present address, University of Wisconsin, Madison, Wisconsin. 

1A preliminary report of the present study was made at the annual meeting of the 
American Association of Anatomists (1) and some initial applications of this study to 
tissue sections are reported elsewhere (2-5). 

? The effects of heat treatments on fibrin film have been reported elsewhere (12); 
it was observed that the affinity for dve under a single fixed set of conditions is a 
very sensitive criterion of modification of the protein. 
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Material and Methods 


Fibrin Film—Fibrin film® was prepared from human fibrinogen and 
thrombin by methods described elsewhere (10, 11). Films of different 
thicknesses have been used; with films subjected to the same treatments 
the thickness varies with the weight of fibrin per unit area (mg. per sq. 
em.). However, the equilibrium swelling of the film is changed by various 
modifying treatments. Consequently, the uptake of dye has been studied 
in its relation to both the thickness of the film and the concentration of 
the fibrin. Most of the films used contain about 3 mg. of fibrin per sq. em., 
although some ranged as high as 16 and as low as 1 mg. per sq. cm. 

In addition to the native material, modified fibrin was also employed. 
Before being subjected to one of three modifying treatments, fibrin film was 
dried on a ferrotype plate to a moisture content of 10 to 20 per cent to give 
a perfectly smooth and flexible but inelastic sheet.6 One of these treat- 
ments involved exposure to steam for 1 minute at 100°, another for 20 min- 
utes at 120° (15 pounds per sq. in.). Upon heating, the film becomes more 
dense and rigid, a phenomenon which has been attributed to the formation 
of cross-links in the fibrin network (12). The third treatment involved 
immersion in 10 per cent formaldehyde for 16 hours at room temperature, 
which produced an even more strongly cross-linked material with a higher 
water-equilibrated fibrin content and even less elasticity. Comparison of 
the properties of the unmodified starting material with those of the modified 
film allowed the changes in dye uptake to be defined and related to the con- 
comitant changes in the physical and chemical characteristics of the 
protein. 

Unmodified fibrin film swells markedly in acid or alkaline solutions. 
This swelling is greatly increased in the presence of dyes, so that at even 
moderate acidities the tilm may become jelly-like or dissolve entirely — For 
this reason it was not possible to study the unmodified film over a wide pH 
range. ‘The modified films, strongly cross-linked by the treatment, swelled 
little or not at all (12). 

The apparent isoelectric point of fibrin was determined by measuring the 
rate of electrophoretic migration in buffers. The electrophoresis cell de- 
scribed by Abramson ef al. (13), with copper-copper sulfate electrodes, was 
employed. Samples of dried film were ground in a mortar and aliquots 
were suspended in large volumes of dilute acetate or phosphate buffers 
(ionic strength, 0.02); the suspension was concentrated by centrifugation 
before being placed in the apparatus. 

In this paper the term film when used alone always implies fibrin in the form of a 


filin. 
‘If the film is not dried before modification, the resulting product is opaque and 
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Buffers— Since dye binding was studied between pH 2 and 10, it was nec- 
essary to use several butler systems. A borate system (14) was employed 
above pII 8, phosphate buffers (15) between pH 8 and 5.5, an acetate system 
(15) between pH 5.5 and 3.8, and hydrochloric acid-sodium chloride mix- 
tures below plIl 3.8. ‘The use of these various systems complicates the 
interpretation, since the dye-protein interaction may be influenced by the 
ionic strength, by the concentration of positive and negative charges, and 
by specific ion effects. When the influence of phosphate and acetate 
buffers was compared at «a single pH and ionic strength, there was excellent 
correspondence in the uptake of dye (Table I). This apparently indicates 
that Donnan and specific ion effects are of little importance. However, at 
this pH, which is near the isoelectric point of fibrin, Donnan and specific 
ion effects may be less than at a pH where the net charge on the protein is 


TABLE | 
Kffect of Buffer Composition on Uptake of Dye by Fibrin Film 
At pH 5.50; ionic strength, 0.04; dye concentration, 2.56 K 10-4 m 
The amount of bound dye is expressed as optical density per mg. of fibrin per 
sq. cm. 


Amount of methylene blue bound to | amount of orange G bound to fibrin 
fibrin 


lreatment of fibrin —— — — 
Acetate | | Chloride, Citrate | Acetate Chloride | Citrate 


solution | solution solution solution | | solution | solution 

Unmoditied 0.07 | 0.15 0.10; 0.17) 0.58 | 0.45 | 0.49 | 0.438 

min. at 100°........| 0.25 | 0.25] 0.24| 0.41} 1.27! 1.14] 0.87] 1.14 

20 min. at 120°.......) 0.385 0.83, 0.38 0.59 1.29 | 1.33) 1.18] 1.01 

Formaldehyde. | 2.21 2.00, 0.73, 0.80; 0.41 | 0.40 | 0.19 | 0.29 


higher. Yet, the curves relating dye binding to pH exhibited no discon- 
tinuities at the point corresponding to transitions from one buffer system to 
another (Figs. 3 to 6). Nevertheless, Donnan and specific ion effects can- 
not be entirely neglected, since considerable discrepancies were obtained 
when the effects of citrate and chloride systems were compared (Table I). 

Dyes —An acid dye, orange G, and a basic dye, methylene blue, were used. 
The dye samples used were certified by the Biological Stain Commission. 
Methylene blue, tetramethyldiaminodiphenazthionium or tetramethyl- 
thionine, was obtained as the chloride salt, CysHisN35Cl, in a purity of 84 
per cent. Orange G, CigHioNeOvSeNae, is the disodium salt of a strongly 
acid dye, benzene-azo-2-naphthol-6 ,8-disulfonic acid; the purity of the 
sample was 89 per cent. 

The dye concentrations covered a fairly wide range (1 to 125 K 107° m) 
the limits of which were set by the technical difficulties of measuring the 
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bound dye. ‘These limits were extended somewhat by the use of films of 
different thickness. The concentration of the dye solution in equilibrium 
with the stained film was measured with a Klett photoelectric colorimeter 
at the termination of each experiment. Since large volumes of dye solution 
were used in staining the film, the final dye concentration never deviated 
from the initial by more than a few per cent. 

Staining Procedure—Pieces of film of the four types, approximately 2 em. 
squire and cut to various shapes for identification, were suspended in 1500 
ec. of dye solution at a temperature of 25° + 0.1°. The solution was stirred 
continuously, and at 2 hour intervals the films were removed and their dye 
content measured. If the optical density of the film had inercased no more 
than 5 per cent since the previous reading, this reading was taken as the 
equilibrium value. With the thinner films equilibrivin was invariably 
reached within the first 48 hours. 

The optical density of the films was determined with a Pulfrich photome- 
ter equipped with a green filter (Zeiss L-II). Before measurement, each 
film was mounted with slight pressure in a drop of buffer solution between 
two glass slides. To decrease cloudiness, the unmodified films were briefly 
immersed in glycerol. After such treatment, unstained film transmitted 
90 to 95 per cent of the incident light. In practice, with this unstained 
control film in place, the light was adjusted until a meter reading of 100 was 
obtained. The percentage absorption of the stained films was then read 
directly and the optical density calculated as the negative logarithm of the 
transmittance. 

Disks of about 1.5 sq. em. in area were punched from the stained films 
and, after the glycerol was washed from the unmodified films, the films 
were dried at 110° for 16 to 48 hours and then weighed. The dry weight 
was taken as fibrin and the opacity was then expressed as optical density 
per mg. of fibrin persj.cem. In these experiments the weight contribution 
of the bound dye was always negligible. 


Results and Comments 


Relation of Dye Uptake to Amount of Fibrin and to Film Thickness —The 
relations between the amount of dye bound, the film thickness, and the 
film weight were studied under several conditions in a series of films ranging 
from 2 to 25 mg. per sq. em. Provided equilibrium had been attained, the 
amount of methylene blue bound to films of various thicknesses was propor- 
tional to the amount of fibrin (Fig. 1). These results indicated that the dye 
was distributed uniformly throughout the film irrespective of thickness and 
was not in higher or in lower concentration near the surface. 

Optical Density of Bound Dye—~Yo determine the amount of dye corre- 
sponding to a particular optical density, the light absorption of known quan- 
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tities of fibrin-bound dye was measured. Pieces of fibrin film of known size 
and weight were immersed in different volumes of dye solution and the 
partly filled containers were rotated for 24 hours; the films were then re- 
moved and their optical densities determined. Finally, the concentration 
of the residual dye in the solution was measured and the amount of dye 
taken up by the film calculated. The quantities of fibrin and dye were so 
chosen that a considerable fraction of the dye was taken up from the solu- 
tion. 


Conc.of M.B. 25x 5x Ix (1075M) 


4 pH 40 55 75 
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Fig. 1. The uptake of dye as a function of film weight. Equilibrated for 68 to 74 
hours with two changes of buffer. The films represented by the upper two points may 
not have reached equilibrium. As noted in the figure, three molar concentrations 
of methylene blue were used: 25 10°5, 5 1075, and 1 10°, 


A protocol of one such experiment with methylene blue is presented in 
Table IIT. The results of all experiments with this dye showed that the 
optical density per mM per sq. em. describes a single straight line correspond- 
ing to an absorption constant of 3.92 * 10° (Fig. 2; Table III). Therefore, 
the nature of the dye binding is independent of the degree of saturation, 
and consequently the interaction of methylene blue and fibrin adheres to 
Beer’s law. The nature of the binding also appears to be independent of 
the treatment to which the film was exposed, since the various points (Fig. 
2) define a single function, although different films and different staining 
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conditions were employed. Accordingly, the amount of bound dye will be 
calculated with this absorption constant. 

The broken curve in Fig. 2 shows the optical densities of similar amounts 
of free dye. The small but definite difference between the two is of the 
same order as that observed by Michaelis and Granick (16) for the binding 
of methylene blue to nucleic acid. Similar displacements of absorption 
curves have been observed on binding other dyes to soluble proteins (17), 


TABLE II 
Protocol of One Experiment to Determine Absorption of Bound Methylene Blue 


pH, 7.08; formaldehyde-treated fibrin film; concentration of dye, 0.8 * 10 ° mole 
per liter. 


Volume | of Final dye “Dye bound | Optical 
of dye | Weight of concen Dye bound = ms. density of Film weight density — density per 
solution | | tration | fibrin | film | 
$q. cm. cm. X 1% 
| mM per cc. | | meg. fibrin 
ce X 108 mae X 108 | 
10 268 | 0.51 0.93/ 0.35 | 0.20 15.4 0.013 3.72 
| 1.82 0.73 0.41 15.7 0.026 3.56 
40 | 236 | 0.95 |, 3.52; 1.50 | 0.86 15.1 0.057 3.80 
80 219 | 1.57 6.56 | 3.00 | 1.44 13.8 0.104 3.49 
160 2.70 3.5] 


ae Wee ee 4.54 | 2.70 | 15.6 | 0.173 
I] 


Light Absorption of Methylene Blue and Orange G When Bound to Fibrin under 
Several Conditions 


Orange G Methylene blue 
Treatment of fibrin Optical den-— Optical den- 
H sity per mm sity per mM 
per sq. cm. per sq. cm. X 
1073 1-2 
6.5 | 3.87 


In terms of the amount of absorbing substance, these values are equivalent to the 
absorption of a molar solution of dye at a depth of 1 em. 


Changes in the absorption spectrum of orange G were observed when the 
dye was made more concentrated in free solution and when it became bound 
to the protein. And, unlike those of methylene blue, the absorption con- 
stants of bound (Table III) and free orange G varied according to the pH 
and, in the case of the bound dye, also according to the film used. Conse- 


6 Less variation was observed when a blue filter was used (Aeiss L-ILL) whieh 
transmits wave-lengths closer to the absorption maximum. lHlowever, at these wave- 
lengths the eye is less sensitive than at those used here. 
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quently, for exact conversion of the optical density into moles of dye it 
would be necessary to correct for the chromatic changes under each set of 
staining conditions. An average absorption constant of 3.0 * 10* was 
used here. 

Influence of pl!—-TYhe effect ot pH on dye binding is shown in Figs. 3 and 
4. The acid dye, orange G, is bound strongly at low pH and, as the pH 
is raised, dye binding falls off until no staining can be observed. This fall 


pH 
@ Form.-treated / 


oO 
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hia. 2. The relation between optical density and millimoles of methylene blue 
bound to the fibrin film. The broken curve represents the optical densities of similar 
amounts of free dye. 


accompanies the progressive decrease in the net positive charge on the pro- 
tein, but some acid dye is bound even with a net negative charge. The 
curves for the basic dye, methylene blue, are the reverse of those for orange 
G. Except for the formaldehyde-treated film, the change in binding of 
methylene blue with pH is more gradual than is that of orange G. This 
may be related to the more gradual slope of the titration curve of fibrin 
above pH 5.5. 

The quantitative interpretation of the effects of pH, as well as of salt and 
dye concentration, will not be attempted here. The binding of dye by a 
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dissolved protein is evidently complex (17), and with solid proteins analysis 
is still more difficult, since the concentrations of dye and salt and the pH of 


ORANGE G A METHYLENE BLUE i2 
o Untreated 
@ IminatiOO°c. 408 
es e 20minoti20°C. y 
e Formalin- \ 406 
treated 
404 
402 
2 3 \ 4 9 
> Oo3r 31.0 
\ Jos 
® 
= o2t 
306 
a 
404 
402 
oO 
= 
408 
Oo 
406 
402 
i i 4 i 
2 3 4 5 6 7 8 9 


pH 
Fic. 3. The binding of methylene blue and orange G by various films at several! 
dye concentrations. 1,2.5 K B,5 10%M;C,1* 10° mM. Ionic strength, 
0.04. The ordinate scales are so adjusted that a given point represents the same 
molar quantity of either dye. The factors for conversion have been taken from 
Table III. In the case of orange G the specific absorption showed variation with 
pH, dye concentration, and type of film; an average value was used. 


the liquid phase actually in equilibrium with the protein are possibly very 
different from those of the staining solution. These relations have pre- 
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viously been described in terms of simple Donnan effects (8, 9) or by more 
involved treatments in which the ‘‘fiber water” is not considered an ordinary 
aqueous environment (18-20). 

Recent studies on proteins have shown maximum binding for acid and 
basic dyes at pH 2 and 11, respectively (21), and the amount of dve bound 
was correlated with the number of dissociated groups on the protein. Ac- 
cording to titration data and amino acid analyses, the maximum binding 
of methylene blue and orange G to fibrin should be respectively 192 and 
122 & 10°° mole per gm. (12, 22). Actually, however, the maximum ob- 
served values were less than 10 per cent of these figures; so that the amount 
of dye bound did not indicate the number of dissociated acidic and basic 
groups. Furthermore, at high or low pH the binding of dye varied with the 
dye concentration and the ionic strength of the solution (Figs. 3 and 4). 
Thus, the binding of orange G at pH 2 and ionic strength 0.04 (Fig. 4, B) 
is8to% X 10° mole per gm. for formaldehyde and heated films. At ionic 
strength 0.15 (Fig. 4, C) the dye uptake is approximately halved. Similar 
variations may be seen in the other figures, although in many instances the 
information is incomplete at very high or low pH and pucegrnaes must be 
limited to the trend of the curves. 

Dye Concentration -The influence of dye concentration on binding to the 
four films is shown in Fig. 3 and to a single film in Fig. 5. No binding is 
seen in the unmodified film at the lowest dye concentration. There is a 
progressive decrease in staining of each film with decrease in dve concentra- 
tion but these changes in dye binding do not follow the Langmuir adsorption 
isotherm. It is of interest that the two heat-treated films become indis- 
tinguishable at low dye concentrations. 

[onic Strength—The influence of ionic strength is shown in Fig. 4 for the 
four films and in Fig. 6 for a single film. In each instance less acid or basic 
dye was bound at the higher salt concentration. ‘This may reflect merely a 
decrease in the concentration of free dye within or between the fibrillae of 
the film as a result of increased salt concentration. On the other hand, 
under conditions of low ionic strength and high charge on the protein the 
concentration of dye ion within these spaces might be increased many times 
over the outside concentration. Another possibility is that competition of 
the salt with the dye ions for binding sites on the protein would reduce the 
dye uptake. A steepening of the curves with decreased ionic strength (Figs. 
4 and 6) is also observed in the titration of soluble and fibrous proteins (18). 

Effect of Modification—The four films were compared under each set of 
- experimental conditions. With one exception, modified fibrin was charaec- 
terized by a greater affinity for either dye than was unmodified fibrin 
(Figs. 3 and 4). The one exception was formaldehyde-treated fibrin 
stained in a concentrated solution of orange G (Fig. 3). Furthermore, the 
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three modified films showed different affinities for the dye and the order of ) 
affinity was independent of the conditions of staining. Formaldehyde- 
treated film showed the greatest affinity for basie dye, followed in order by | 


ORANGE G METHYLENE BLUE 
4 | 2 
OG MB 
0.3+ © Untreated 410 
©® @1!min.at 
© 20min ati20°C. Jog 
@ Formalin-treated 
0.2+ 
40.6 
4104 
402 
o— 
~ 2 4 4 5 6 7 t 9 _ 
yy 4 B 10 
408 


4 
O ® 
O 2 3 ” 5 C 6 8 9 
O2r 
40.6 
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~ 
2 3 5 6 9 | 
pH | 


Fig. 4. The dye binding of various films at different ionic Strengths. A, 0.01; 
B, 0.04; C, 0.15. Dye concentration, 1 X 10-5 M. Ordinate scales adjusted as in 
Fig. 3. 


the strongly and mildly heated films. ‘This succession was reversed for the 
acid dye. Under some conditions it was not possible to differentiate be- 
tween the two heated films (Fig. 3, C; Fig. 4). 

The alteration of the apparent isoelectric point of fibrin (Table TV) is of 
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interest in interpreting the effects of modification. The order of displace- 
ment of the isoelectric point caused by the various modifying treatments 
corresponds to a similar order of affinities for dye of the different modified 


re | ORANGE G METHYLENE BLUE 
Dye concentration 
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Kia. 5. The influence of three levels of dye concentration on the binding of dye by 
a single film, heated for 1 minute at 100°. Ionic strength, 0.04. Ordinate scales 
adjusted as in Fig. 3. 
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Fic. 6. The influence of ionic strength on dye binding in a single film, heated for 
20 minutes at 120°. Ordinate scales adjusted as in Fig. 3. 


films (compare lig. 3 and Table IV). The greatest decrease in isoelectric 
point of the modified fibrin occurred in formaldehyde-treated film. This 
film also showed the greatest affinity for basic dye and the least for acid dye. 
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The observed effects of modifying treatments upon staining may be 
accounted for by two general mechanisms: first, a change in the physical 
structure or form of the protein, such that existing binding sites are made 
more available to dye (23, 24); and second, a change in the net charge re- 
sulting from either an increase or a decrease in the number of positively or 
negatively charged groups (7.c., by a shift in the isoelectric point). In the 
former instance both dyes would be bound more readily, while in the latter 
one would expect an increase in affinity for one dye and a decrease in affin- 
ity for the other. Since the affinity of fibrin for both acid and basic dye 
was greatly enhanced by heat treatment, heat treatment must largely affect 
the availability of the dye binding sites. This change is presumably due to 
some physical reorganization in the fine structure of the fibrin, or perhaps 
of the molecular units themselves (cf. (23, 24)). In accord with this con- 
cept of a major effect from a physical reorganization, the dye binding curves 
of the mildly and strongly heated films are close or the same (Figs. 4 and 5), 


IV 
Isvelectric Point of Fibrin Films As Indicated hy klk ctrophoretic Migration 


(hange in isoelectric 


Treatment of tibrin Isoelectric point point on tres tment 

Unmodified 

I min. at 100° 5.7 0.3 

20 min. at 120°... 5.5 0.5 

Formaldehvde. .. §.2 0.S 


lonic strength, 0.02 


although the degree of heating differed considerably. The small but defi- 
nite difference between the curves of the two heated films evident under 
most conditions of staining suggests a slow progressive chemical modifica- 
tion as well, an effect also noted in previous studies (12). The progressive 
increase in basic and decrease in acid dye binding which appears with pro- 
longed heating could result from a lowering of the isoelectric point; this 
possibility is supported by the electrophoretic studies. 

Formaldehyde treatment rendered the film very basophilic (Figs. 4 and 
5). his could result trom the reaction of formaldehyde with amino 
groups to decrease the net positive charge (25). But in such a condition 
the affinity for acid dye should be reduced, while, actually, this affinity 
was approximately that of unmodified film. A> possible explanation is 
that, in addition to the obvious combination with basic groups, formalde- 
hvde may also increase the availability of all remaining charged groups 
by some physical modification of the structure similar to that described 
ubove tor heat treatment. 
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SUMMARY 


The affinities of films of human fibrin for the acid dve, orange G, and the 
basic dye, methylene blue, have been studied under controlled conditions 
of pH (2 to 10), ionie strength (0.01 to 0.15), and dye concentration (1 to 125 
x 10-°mM). The extent of combination was a function of all these variables. 
Modification of the film by heat or formaldehyde treatment resulted in an 
increase in its affinity for acid and basic dye and a simultaneous or subse- 
quent alteration in its relative affinities for the two dyes. ‘The second effect 
was correlated with changes in the isoelectric point as measured by electro- 
phoretic migration. ‘The maximum binding of anionic and cationic dye at 
low and high pH, respectively, was much less than the estimated number 
of charged groups and this binding capacity varied with the ionic strength 
and concentration of dye. 
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XIIL. AN IMPROVED PROCEDURE FOR DETERMINATION OF PYRIDOXAL 
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Oi all the Known torms of vitamin Be, pyridoxal, pyridoxamine, pyri- 
doxine, pyridoxal phosphate, and pyridoxamine phosphate, only pyridoxal 
shows Significant activity in promoting growth of Lactobacillus caset in a 
vitamin Be-lree medium (1, 2). For this reason, Lactobacillus casei was 
used to demonstrate the occurrence of pyridoxal in natural products, which 
also contain other forms of vitamin Bg (3). It was pointed out, however, 
that the method used gave variable results from time to time; recorded 
assays Were therefore the average of several individual determinations and 
were regarded us merely tentative. 

Since then, additional information about the nutritive requirements of 
Lactobacillus casei and the liberation of vitamin bg from its bound forms has 
permitted development of a much more satisfactory method for determina- 
tion of pyridoxal. ‘This is described below. 


EXPERIMENTAL 


Busal Medium ‘Vhe composition of the basal medium finally adopted is 
shown in Table 1. This differs from the previous medium chiefly in addi- 
tion of a tryptic digest of casein, in the omission of purine and pyrimidine 
bases, and in addition of higher levels of the other vitamins required by the 
test organism. binzymatic digests of casein have been shown to contain 
substances which permit more rapid and extensive growth of Lactobacillus 
case’ than is obtained in their absence (4). It is sometimes difficult, how- 
ever, to tree this material completely from vitamin Bg; hence it has not 
been used as the sole source of amino acids. Both the enzymatic and acid 
hydrolysates of casein were prepared by procedures previously described 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Founda- 
tion. Some of the work reported here was carried out at the Biochemical Institute 
of the University of Texas. For Paper XII of this series, see Rabinowitz and 
Snell (1). 


148 DETERMINATION OF PYRIDOXAL 


(4,2). If, after the two charcoal treatments recommended in these pro- 
cedures, the blank tubes still support some growth, the casein hydrolysates 
are stirred at pH 7.0 for 15 minutes with 10 per cent of Darco G-60 for a 
third time. However, this additional treatment has rarely been necessary, 
Adenine, guanine, and uracil, usually included in media of this type, have no 
effect on growth of Lactobacillus casei under the conditions used for ussay 
and were omitted. If it is desired to use the medium for other lactic acid 
bacteria, many of which require one or more of these compounds under these 
conditions, they should be added at a level of 2.0 mg. each per 100 ce. of 
double strength medium. 


TaRLe I 
Composition of Basal Medium 

Amount | Amount 

per pee 

aoubie doubie 

Substance strength Substance strength 

— medium 

0) assay (20 assa 

tubes) 
me. 
Tryptic casein digest (Roberts and 1000 MgSO,-7H,0 40 
Snell (4)) NaC] 2 
Acid-hydrolyzed casein 1000 FesO,-7H.0 2 
Glycine 40 MnsO,-H,O 2 
Asparagine ’ 
10 Thiamine hydrochloride 40 
Dextrose Calcium pantothenate 
Niac 
Sodium acetate* 1200 Niacin 
K HPO 100 p Aminobenzoie acid 

2 ‘ 

KH,PO, | ecu 2 

Biotin 


* The amount of sodium acetate indicated is in addition to that furnished by the 
tryptic digest of casein. When prepared as recommended (4), this latter ingredient 
supplies about 985 mg. of sodium acetate, which brings the total concentration of this 


substance to slightly over 2 per cent of the double strength medium. 


The casein hydrolysates with added amino geids and the solution of the 
Vitamins were kept in the refrigerator under toluene. ‘These mixtures are 
also used for preparing the basal medium in the assay of pyvridoxamine and 
pyridoxal with Streptococcus faccalis (5). The sugar and salts were kept 
These solutions may be stored for at least 2 


in a solution frozen at —4°. 
months. The basal medium was prepared as required at twice its final 
concentration by mixing the calculated amounts of each of these solutions 
and adjusting the pH to 7.0 with potassium hydroxide. 

Stock Culture and Inoculum Lactobacillus casei was carried as stab 
cultures in veast-dextrose agar (1 per cent veust extract, L per cent glucose, 
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1.5 per cent agar) with incubation at 30°." Stock cultures were transferred 
every 2 weeks from the yeast-dextrose agar to an enriched agar described 
by Hunter (6). After incubation in the enriched agar for 24 hours, the 
culture was transferred back to the yeast-dextrose agar. Cultures which 
were transferred less frequently often failed to grow satisfactorily in the 
inoculum tubes and the assay medium. 

The basal medium supplemented with 100 my of pyridoxal hydro- 
chloride per 10 ec. was used for growing inoculum. After 20 to 28 hours 
incubation at 37° the cells were centrifuged, resuspended in 10 ce. of 0.9 
per cent sodium chloride solution, recentrifuged, and again suspended in 
10 ec. of sterile saline. 

Assay Proce: ure— Since pyridoxal is altered when autoclaved with amino 
acids (7), the usual procedure of adding the double strength medium to the 
samples and then autoclaving the sample and medium was not satisfactory. 
Instead, water sufficient to make a volume of 5 cc. after addition of the 
samples is autoclaved 10 minutes at 15 pounds pressure in 18 X 150 mm. 
Pyrex test-tubes which are covered with aluminum caps. After the tubes 
have cooled, the saumples are added. Duplicate tubes containing Q, l, 2, 3, 
4,5, 7, and 10 my of pyridoxal hydrochloride serve as the standard. In 
many assays the samples were sterilized separately, diluted appropriately in 
sterile water, and added aseptically. A great number of assays have been 
run without these precautions, and with no evidence of contamination, pre- 
sumably because of the heavy inoculum and the short incubation period used. 

In some assays, the possibility of contamination was avoided by diluting 
standard and samples appropriately with freshly autoclaved water, dis- 
pensing to the assay tubes, and reautoclaving these tubes containing the 
water and samples for 5 minutes. 

The basal medium, previously autoclaved for 10 minutes at 15 pounds 
pressure and cooled, was inoculated with 1.0 ec. of the washed cell suspen- 
sion per LOO ce. of the double strength basal medium. 5 cc. aliquots of this 
inoculated double strength medium were added aseptically to each tube. 
All tubes were then incubated at 37° for 22 hours, then steamed for 10 
minutes to stop growth. After cooling, turbidities were determined with 
the Evelyn colorimeter adjusted so that the uninoculated basal medium 
read 100 per cent transmission with the G60 my filter. A typical standard 
curve is shown In Fig. 1. 

Preparation of Samples— Although autoclaving the samples with the 
amino acids of the medium is readily avoided by the procedures described 
above, it is necessary to hydrolyze natural materials in order to make the 


'The stock culture of Lactobacillus casei was incubated at 30° instead of the 
customary 37° simply for convenience. In a controlled experiment, no difference in 
the response of Lactobacillus casei to graded amounts of pyridoxal was observed 
whether the stock culture had been incubated at 30° or 37°. 
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vitamin Bz available to the test microorganism (8), and the possibility 


existed that pyridoxal or its bound forms might give rise by tronsamination 
to pyridoxamine during this latter treatment. 

Since glutamic acid has been shown to be the most active amino acid in 
this reaction (9), the effect of autoclaving pyridoxal and pyridoxal phos. 
phate with glutamic acid under the conditions used for hydrolysis of the 
sample was determined. ‘These results are shown in Table Il. In con- 
firmation of previous results (9), autoclaving pyridoxal with a relatively 
concentrated solution of glutamic acid at neutrality results in loss of 
activity for Lactobacillus casei, with only slight change in activity for 
Streptococcus faecalis or Saccharomyces carlshergensis. Vhese changes in 
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Fic. 1. Response of Lactobacillus casei to pyridoxal in the modified medium 


activity result from the transformation of pyridoxal into pyridoxamine. 
The analogous transformation of pyridoxal phosphate to pyridoxamine 
phosphate also occurs under these same conditions. Ilowever, under the 
conditions recommended (8) for liberation of vitamin Bs from natural 
products, 7.e., autoclaving in a volume of ISO ce. at pIT 1.8, no loss in activity 
of pyridoxal or pyridoxal phosphate was observed when the same amount of 
glutamic acid was present; 7.e., transamination does not occur. The 
amount of glutamic acid used, 30 mg., gave a higher concentration of the 
amino acid than would normally be encountered, since only 50 mg. of a 
natural material are usually hydrolyzed in 180 ce. of acid. These data 
would indicate, then, that under these conditions the pyridoxal present im 
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the original sample is liberated by this hydrolytic procedure without sig- 
nificant transformation into pyridoxamine. Recovery experiments, cited 
below, provide additional evidence that this is the case. : 


Il 


Effect of Conditions on Transamination Reaction between Glutamic Acid and Pyridozal 
or Pyridozal Phosphate 


Treatment® | Activity 


Volume | pH | saacalist 
Pyridoxal HC! 10 | 10 
Pyridoxamine 2HCI <0.02 | 1.4 
Pyridoxal HCI (2 0) 2.0 7.0 <0.02 OS 
(2 ") 30 180 1.8 1.0 1.1 
Pyridoxal phosphate (10 7) uy) 180 1.8 0.23 0.20 
¥ ‘ (10 “)t 30 20 7.0 | <0.002 0.11 
(10 “*) 30 180 1s 0.23: OD 


* The indicated amounts of pyridoxal or pyridoxal phosphate and glutamic acid 
were autoclaved at 2) pounds pressure for 5 hours in the volume of water and at the 
pH indicated. 

+ Determined by a method previously described (5). 

t After treatment at pIl 7.0, this sample was diluted to 180 cc., adjusted to pH 1.8, 
and autoclaved at 20 pounds pressure for 1 hour to hydrolyze the pyridoxal phosphate 
or pyridoxamine phosphate. 


Taste Ill 
Recoveries of Pyridoral Added to Natural Materials 


Pyridoxal hydrochloride 


Sample Recovery 
Added Found 
per em. y per gm. per cent 
Dried grass* 0) 5.3 
1:20 liver powdert 0 8.3 
Dried yeast} 7.2 
5.0 12.7 110 
Rat liver (fresh) 0 3.2 


* Cerograss. 
+t Wilson and Company product. 
t Kindly supplied by Dr. L. Atkin 


Recovery Experiments Vhe results of recovery experiments in which 
known amounts of pyridoxal hydrochloride were added to representative 
natural materials are shown in Table III. In each case the control sample 
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and a duplicate sample supplemented with 5 y of pyridoxal hydrochloride 
per gm. were autoclaved in 180 cc. of 0.055 xn HC] at 20 pounds pressure for 
5 hours (8), cooled, and neutralized with potassium hydroxide before assay, 
Recoveries of pyridoxal hydrochloride were within 10 per cent of the 
amount added in every case. 

The pyridoxal content of several miscellaneous materials was determined 
by this procedure. ‘The results are given in Table LV. 


IV 
Pyridoxal Content of Miscellaneous Natural Materials 


— 


Pyridoxal] 


- 


Pyridoxal 


hydrochloride hydrochloride 
Chick liver 38 Liver concentrate* | 16 
“kidney 30 Yeast 8 
“brain 11 Egg yolk | 11 
Rat liver 29 Whole wheat 2 
“kidney Carrot 2 
“brain Lettuce 
= ~ y per ce. 
Whole milk 0.32 


* Sharp and Dohme. 


DISCUSSION 


The inclusion of an enzymatic digest of casein in media used for vitamin 
assay with Lactobacillus casei has been shown to permit more luxuriant 
growth and greater acid production (4) than is obtained in media containing 
only acid hydrolysates of casein. ““Strepogenin”’ (10) and perhaps other 
peptides (11, 12) are undoubtedly responsible for the added growth. How- 
ever, When used in the medium for assay of pyridoxal, this modification 
may affect the specificity of the method, since it has been shown (11) that 
in the presence of such enzymatic digests b-alanine replaces pyridoxal for 
L. casei. The amount of b-alanine required to give half maximum growth 
of L. casei in the absence of pyridoxal is approximately 50 y (11). L-Alanine 
is essentially inactive (11). Since the amount of pyridoxal hydrochloride 
required for half maximum growth is only about 0.002 y, this effect of 
p-alanine would be significant only when the p-alanine content of natural 
materials was 10 to 25 thousand times the pyridoxal content; ¢.e., 1 to 5 
per cent of the dry weight for most materials. In view of the limited 
distribution of p-amino acids in nature, the possibility of interfering effects 
from this source is negligible with most materials. Possibility of error 
from this source should, however, be kept in mind. 


‘ 
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It was shown previously that the materials present in natural extracts 
which promote growth of Lactobacillus casei in vitamin Be-free media 
corresponded in chemical properties to pyridoxal; 7.e., were destroyed by 
incubation with acetone and alkali, and with sodium cyanide and ammo- 
nium chloride. ‘These properties are not shared by the other known forms 
of vitamin Bs , a fact which indicates the specificity of the assay method 
for pyridoxal. It would be expected, of course, that a variable proportion 
of the pyridoxal of natural materials might be present in loose, reversible 
combination with amino compounds, ¢.g., Schift’s bases. Such compounds 
hydrolyze spontaneously under testing conditions to yield pyridoxal and 
show the activity for Lactobacillus casei to be expected from their pyridoxal 
content (13). 

SUMMARY 


An improved method tor determination of pyridoxal with Lactobacillus 
ease? is deseribed. ‘The principal change from the previous method is the 
inclusion in the medium of an enzymatic digest of casein which permits 
heavier and more rapid growth of the assay organism. While it has been 
shown that this modification permits the utilization of p-alanine in place of 
pyridoxal (11), the amounts of p-alanine required are not ordinarily en- 
countered in the assay of natural materials. 

Since pyridoxal and pyridoxal phosphate are easily transformed to 
pyridoxamine (7) or pyridoxamine phosphate (1) respectively, conditions 
are defined under which natural materials may be hydrolyzed to liberate 
pyridoxal without causing this transformation. 

With this method of hydrolysis and the modified assay procedure, re- 
covery experiments were carried out with «a number of natural materials. 
Recoveries of pyridoxal were within LO per cent of the amount added in all 
eases, ‘The pyridoxal content of several tissues is recorded. 
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| In 1931 Harrison (1) tested the effect of p-glucose on the oxidation of 

hexose diphosphate with the intention of inhibiting the oxidation of the 
ester. He expected that due to similarities in structure the glucose might 
be adsorbed on the surface of the protein carrier and thus inhibit the 
reaction. However, instead of inhibition, he obtained a marked accelera- 
tion in the oxygen uptake. It appeared, therefore, that the liver prepara- 
tion contained « dehydrogenase capable of oxidizing p-glucose. He was 
able to show that methylene blue could mediate the oxidation, and further 
that the cytochrome system could also serve as a carrier. Ogston and 
Green (2) were unable to verify Harrison’s results with the cytochrome 
system. They showed instead that yeast flavoprotein could mediate the 
aerobic oxidation of the p-glucose, thus verifying the results of Adler and 
von luler (3). Hawthorne and Harrison (4) strengthened their own posi- 
tion by demonstrating again that the cytochrome system of Keilin and 
Hartree (5) would catalyze the oxidation and by suggesting that Straub’s 
flavoprotein was necessary for the full activity of the dehydrogenase- 
cytochrome system. 

The experiments reported in this paper clarify the role of heart flavo- 
protein as «a carrier with the liver dehydrogenase! system that oxidizes 
p-glucose. ‘They further indicate that the eytochromes ¢c and oxidase must 
be present to mediate the transfer of hydrogen from p-glucose dehydro- 
genase to atmospheric oxygen. The participation of the evtochromes a and 
bhas not vet been verified. 


EXPERIMENTAL 


Preparations 


b-Glucose dehydrogenase protein is contained in a preparation of partially 
purified lamb liver dehydrogenases, Preparation C, as previously reported 
by Wainio (6). 


* Aided by a grant from the John and Mary R. Markle Foundation. With the 
assistance of S. Cooperstein, 8. Kollen, and H. Hirschhorn. 
' Dehydrogenase signifies p-glucose dehydrogenase protein and diphosphopyridine 
nucleotide. 
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DPN? was prepared from bakers’ yeast® by the method of Warburg and 
Christian (7), as reported by Klein (8). 

Heart and liver flavoprotein were prepared from lamb tissue according to 
the method of Straub (9). However, instead of being ground in a mechan- 
ical mortar, the minced, washed tissue (the liver was not washed) was 
homogenized for 1 minute in a Waring blendor with 0.02 Mm disodium 
hydrogen phosphate. The final flavoprotein solution was lyophilized 
from the frozen state to yield a stable preparation which was stored at 4°, 
The yield was approximately 57 mg. per kilo of minced heart .and 38 mg. 
per kilo of liver. 

Catalase‘ (10) was used as the crystalline protein suspended in a solution 
of 

Cytochrome c was prepared according to Keilin and Hartree (11). The 
final preparation after dialysis was centrifuged for 5 minutes at 2500 X g. 
The supernatant was treated with 4 volumes of ice-cold acetone and 
centrifuged at 5° for 5 minutes (2000 & qg). The precipitate was dried in 
vacuo to yield a stable protein. 

Indophenol oxidase of Ogston and Green (2) was prepared from lamb heart 
muscle. The final acetate precipitate was suspended in an equal weight 
of 0.1 Mm phosphate buffer,’ pH 7.4. 

Cytochrome oxidase was precipitated three times with acetate as reported 
by Hawthorne and Harrison (4). This preparation is a slight modification 
of the method of Keilin and Hartree (5). The details through the first 
acetate precipitate have been presented by Wainio, Cooperstein, Kollen, 
and Eichel (12). The first acetate precipitate from 50 gm. of heart muscle 
was suspended in 75 ml. of cold 0.04 mM phosphate buffer, pH 7.0, and 
precipitated a second time with 12.5 ml. of cold 0.2 M acetate buffer, pH 
4.6. After centrifugation in the cold for 10 minutes at 2500 X g the 
supernatant was discarded. The precipitate was resuspended in 50 ml. 
of the cold 0.04 m phosphate and precipitated with 8.3 ml. of cold 0.2 
acetate. After centrifugation for 10 minutes at 2500 & g, the supernatant 
was discarded and the precipitate suspended in an equal weight of 0.1 M 
phosphate buffer, pH 7.4. The suspension was filtered through four layers 
of cheese-cloth and stored at 4°. 


Methylene Blue System 


It was first decided to establish optimal concentrations of each enzyme 
constituent with the artificial methylene blue system, since Wainio (6) had 


2 DPN, diphosphopyridine nucleotide. 

3 Fleischmann’s. 

‘Kindly supplied by Dr. J. B. Sumner. 

’ Phosphate buffer in all instances refers to KH»PO.-NasHPO,. 
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earlier demonstrated marked activity with the same liver protein prepara- 
tion when DPN, triphosphopyridine nucleotide, and methylene blue were 
added. It has since been shown that DPN is the active coenzyme with the 
p-glucose dehydrogenase protein. A 10 mg. sample of the liver protein 
preparation dissolved in phosphate buffer was selected as the constant 
factor, and the concentrations of the other constituents that would make 
the dehydrogenase protein limiting were determined. 

It was noted very early that 0.5 ml. of a 1:1000 solution of methylene 
blue in water was insufficient to support a maximal activity when DPN and 
p-glucose were at or above the optimal concentration. Decolorization oc- 
curred frequently and, therefore, 0.5 ml. of a 1:500 solution (1 mg.) was 
selected as being a sufficient amount of methylene blue. 


TABLE 
Omission of Factors in Methylene Blue System and Effect of Flavoprotein 
Body, 10 mg. of liver protein in 2 ml. of 0.1 m phosphate buffer, pH 7.4; 0.5 ml. of 
1:500 methylene blue in water; 0.25 ml. of 0.1 mM phosphate buffer, pH 7.4; flavopro- 
tein, 1 mg. in 0.25 ml. of 0.1 m phosphate buffer, pH 7.4. Side arm, 0.25 ml. of 2 molal 
p-glucose in water; Ll mg. of DPN in 0.25 ml. of water. Center well, 0.25 ml. of 10 
percent NaOH. CGias phase, oxygen; temperature, 38°; rate of shaking, 100 per minute. 


Vessel pair. 1 2 ee 6 

Body Liver protein 2.0 2.0 | 2.0 2.0 2.0 
Methylene blue 0.5 0.5 | 0.5 0.5 0.5 

0.1 « phosphate buffer, pH 7.4 2.25 0.5 0.75 | 0.5 0.25 

F lavoprotein | | 0.25 

Side arm p- Glucose 0.25 | 0.25 0.25 | 0.25 0.25 
DPN 0.25 | 0.25 | 0.25 | 0.25 | 0.25 
Oxygen up- H0 min. 11 21 10 10 310 305 


take 120 min. 15 32 18 16 | 585 574 


The effect of increasing the final p-glucose concentration from 0.01 molal 
to 0.231 molal was first studied. The substrate almost brought the activ- 
ity to a Maximum at a final concentration of 0.154 molal p-glucose. All 
subsequent experiments, therefore, were made at a 0.154 molal final con- 
centration of D-glucose. 

The effect of an increasing concentration of DPN on the activity of the 
system was tested at four concentrations. Essentially maximal activity 
was obtained at a DPN concentration of 1 mg. per vessel and all subsequent 
experiments, including those with flavoprotein, were run with DPN at 
this concentration. 

Table I shows the effect of omitting the various factors of the methylene 
blue system, as well as the effeet of added heart flavoprotein. The omis- 
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sion of the liver protein, DPN, methylene blue, or of p-glucose lowered the 
120 minute oxygen uptake to between 15 and 32¢.mm. The system con- 
taining the dehydrogenase protein, DPN, p-glucose, and methylene blue 
consumed 585 ¢c.mm. of oxygen in 120 minutes. The addition of 1 mg. of 
Straub’s heart flavoprotein to this apparently complete, artificial system 
was without effect on the oxygen uptake. Hf flavoproteim does in faet 
eatalvze this methylene blue svstem, it may be that the liver preparation 
already contains a sufficient amount of the flavoprotein, since it emits a 
greenish fluorescence in ultraviolet light. 


Flavoprotein System 


Adler and von Euler (3) in 1935 demonstrated that a crude flavin enzyme 
prepared from dry bottom yeast (Warburg and Christian (13)) could fune- 


TaBie I] 
Effect of Heart Flavoprotein Concentration 
Body, heart flavoprotein in 0.25 ml. of 0.1 Mm phosphate buffer, pIl 7.4; 0.5 ml. of 
water; 10 mg. of liver protein in 2 ml. of 0.1 mM phosphate buffer, pH 7.4. Side arm, 
0.25 ml. of 2 molal p-glucose in water, 1 mg. of DPN in 0.25 ml. of water. Center 
well, 0.25 ml. of 10 per cent NaOH. Gas phase, oxygen; temperature, 38°; rate of 
shaking, 100 per minute. 


Heart flavoprotein per vessel 


| 60 min 120 min 

mg. | C.mm. 
8.0 | 290 : 535 
4.0 | 240 | 440 
2.0 | 160 : 300 
1.0 | 110 200 
0.5 | 80 140 
On 


0.25 


tion as a carrier in the absence of methylene blue. ‘This was verified by 
Ogston and Green who also used a yeast enzyme. ‘The data presented in 
Table II indicate that Straub’s flavoprotein prepared from beef heart 
muscle functions in the same capacity. In the presence of p-glucose, DPN, 
and the liver protein, 8 mg. of the flavoprotein catalyzed an oxygen uptake 
of 535 e.mm. in 120 minutes, whereas 2 mg. of flavoprotein catalyzed an 
oxygen uptake of 300 ¢.mm. Since the purified flavoprotein was difficult 
to prepare, it was decided to use only 2 mg. per vessel in subsequent exper 
ments. 

Table IL] presents data to show the etfect of omitting the various factors 
of the system when heart flavoprotein is the carrier. ‘The factors other 
than the flavin enzyme were used in the concentrations that had been 
previously determined to be optimal with the methylene blue system. The 


Oxygen uptake 
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flavoprotem Was present at a concentration of 2 mg. per vessel. It is ap- 
parent from these results that all of the factors must be present to cause an 
adequate oxygen uptake. In the absence of p-glucose, DPN, dehydrogen- 
ase protein, or flavoprotein the oxygen uptake is between 7 and 14 e.mm. 
in 120 minutes. | 

A flavoprotein was prepared from fresh lamb liver according to the 
method that Straub had developed for the preparation of heart muscle 
flavoprotein. The liver flavoprotein was used in concentrations from 0.25 
to 2.0 mg. per vessel. The latter concentration, the highest concentration 
tested, catalyzed an oxygen uptake of 87 c.mm. in 120 minutes. Although 
the activity was low, it is probably significant when compared with the 
control that contained no flavoprotein. The liver preparation of flavo- 
protein apparently contained many impurities, since in addition to catalyz- 


III 
Omission of Factors in Flavoprotein System 


Flavoprotein, 2 mg. in 0.25 ml. of 0.1 Mm phosphate buffer, pH 7.4; all other con- 
stituents and conditions as in Table II. 


mi. | mi. | mil. mi. mi. 

Body Liver protein 2.0 2.0 2.0 2.0 
Flavoprotein 0.25 0.25 0.25 0.25 

0.1 m phosphate buffer, pH 7.4 2.0 0.25 

Water 0.5 0.75 0.75 0.5 0.5 
Side arm p-Glucose 0.25 0 25 
DPN 0.25 | 6 0.25 0.25 
| | c.mm c.mm. | ¢.mm c.mm 
Oxygen up- 60 min. 4 9 es 161 


take 120 min. 7 13 ee ee 304 
ing a low oxvgen uptake, it was tan in color rather than lemon-vellow, as 
was the heart flavoprotein. 


Effect of Inhibitors and Activators on Flavoprotein System 


In order to characterize further the flavoprotein system with respect to 
the activity of the enzymes involved, it was decided to test the effect of 
various inhibitors and activators at one concentration each. Table IV 
summarizes these results. 0.05 M sodium malonate and 3 per cent ethyl 
urethan were without effect when interpreted on the basis that changes of 
less than 10 per cent from the water control are not significant. Definite 
inhibitions were caused by 0.04 mM sodium iodoacetate and 100 mg. per cent 
of atabrine. 0.00002 M catalase produced a rather pronounced activation. 


Cytochrome c-Indophenol Oxidase System of Ogston and Green 


Since Ogston and Green had been unable to obtain significant activity 
using the glucose dehydrogenase of Harrison with their own indophenol 
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oxidase system, it seemed advisable for us to reinvestigate the activity of 
their oxidase preparation using our purer liver dehydrogenase protein, 
DPN and p-glucose were added in the amounts previously indicated not to 
be limiting with 10 mg. of the liver protein. Cytochrome ¢ was added in 
an amount that would insure that this enzyme would not be limiting, 
namely, 4+ mg. per vessel. The indophenol oxidase was used at. several 
concentrations. It is evident from the data presented in Table V that the 
oxidase is not a significantly active preparation. A small activity is shown 
when Pairs 2, 3, 4, and 5, containing 1, 0.5, 0.25, and 0.1 ml. of the oxidase, 
are compared with the oxidaseless control, Pair 7. That this activity is 
demonstrable 26 hours later is shown by Pair 8. That cytochrome oxi- 


TABLE IV 
Effect of Various Agents on Flavoprotern System 
Body, 10 mg. of liver protein in 1 ml. of 0.1 mM phosphate buffer, pH 7.4; 2 mg. of 
heart flavoprotein in 0.5 ml. of 0.1 Mm phosphate buffer, pH 7.4; 0.325 ml. of agent in 
water; 0.925 ml. of 0.1 mM phosphate buffer, pH 7.4. Side arm, 0.25 ml. of 2 molal 
p-glucose in water; DPN, 1 mg. in 0.25 ml. of water. Center well, 0.25 ml. of 10 per 
eent NaOH. Gas phase, oxygen; temperature, 38°; rate of shaking. 100 per minute. 


Final concentration of agent 120 pring gen eran? rom 

c.mm. fer cent 

0.04 mM sodium iodoacetate. 215 —33 

100 mg. atabrine 212 —34 

0.05 sodium malonate. . 300 

3% ethylurethan 333 +2 

0.00002 M catalase. 401 +29 


*Slight cloudiness. 


dase may have been present in small amounts is suggested by the fact that 
sodium cyanide (Pair 6) produced some inhibition. The relatively large 
value obtained with the control, containing no oxidase, can be attributed 
to the 4 mg. of cytochrome c per vessel, since in subsequent experiments 
the same control, containing 1 mg. of cytochrome c per vessel, gave a value 
of 10 ¢.mm. in 120 minutes. 


Cytochrome c-Insoluble Cytochrome Oxidase Complex System 


When it became apparent that the preparation of Ogston and Green was 
ineffective, the three times precipitated oxidase® of Keilin and Hartree, as 
modified by Hawthorne and Harrison and as modified by us, was next 


6 Oxidase signifies insoluble cytochrome oxidase complex. 
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TABLE V 
Ogston and Green’s Indophenol Oxidase 
NaOH, 10 per cent; equal quantities of 1 Mm NaOH and 1 Mm NaCN; liver protein, 
10 mg. in volume given below of 0.1 M phosphate buffer, pH 7.4; 2 molal p-glucose in 
water. Gaus phase, oxygen; temperature, 38°; rate of shaking, 100 per minute. 


| 
mi. | ml mi. | ml. | ml. | mi. | ml. | ml 
Center well NaOH 0.25 | 0.25 | 0.25 | 0.25 | 0.25 0.25 | 0.25 
+ NaCN | | 0.25 
Body* Liver protein 1.5 1.5 1.5 OS 2 oe 1.0 | 1.0 
| 0.1 at phosphate buffer, — : 0.5 0.75 | 0.9 | | 1.0 | 
p 4 
Indophenol oxidase 1.0 1.0 0.5 | 1.0 
Side armt p-Glucose | | @.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 
| | canes. | cane. | comm. |) cm. | com. | cm | ¢.mm 
Oxygen _ 60 min. 3 | 47 | 38 | 34 | 28 | 28 | 26 | 39 
uptake | 120 min. | 13 | 82 | 67 | 62 | 54 | 68 | 44] 81 


*4 mg. of cytochrome ¢ in 0.25 ml. of water added to each vessel. 
+1 mg. of DPN in 0.25 ml. of water added to each vessel. 


Oxygen Uptake -c,mm. 
§ 


Rojo 
1:5 1:10 1:40 *1:250 
Oxidase Dilution 


Fic. 1. Body, 10 mg. of liver protein in 1 ml. of 0.1 M phosphate buffer, pH 7.4; 
0.5 ml. of 0.1 Mm phosphate buffer, pH 7.4; cytochrome oxidase complex, stock suspen- 
sion diluted 1:5, 1:10, 1:40, 1:100, and 1:250 with 0.1 Mm phosphate buffer, pH 7.4, 1 ml. 
added to each vessel; above amount of cytochrome c in 0.25 ml. of water. Side arm, 
0.25 ml. of 2 molal p-glucose in water; DPN, 1 mg. in 0.25 ml. of water. Center well, 
0.25 ml. of 10 percent NaOH. Gas phase, oxygen; temperature, 38°; rate of shaking, 
100 per minute. 


tested. The results presented in Fig. 1 show three important effects: (1) 
that the three times precipitated preparation is extremely active when 
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tested with p-glucose dehydrogenase and its substrate; (2) that the best 
activity is obtained at an oxidase dilution of 1:40; (3) that cytochrome ¢ 
becomes limiting only at a dilution of oxidase between 1:40 and 1:100. 

When one compares dilutions of the stock oxidase of 1:5, 1:10, 1:40, 
1:100, and 1:250, it is apparent that the best activity is obtained at a dilu- 
tion of 1:40. The oxygen uptake is approximately 535 c.mm. in 120 
minutes. Our results differ in this respect from those of Hawthorne and 
Harrison who obtained their best activity with the stock solution. The 
oxygen values obtained in the 2nd hour with the 1:5 and 1:10 dilutions of 
the stock oxidase suggest that the oxidase contained some factor which at 
the higher concentrations was destroying itself or another enzyme or co- 
enzyme in the system. The ratio of the oxygen uptake for the 2nd hour 
when compared to the oxygen uptake for the Ist hour is small when the 1:5 
dilution of the oxidase is used, and approaches unity and essentially be- 
comes a constant at the 1:40, 1:100, and 1:250 dilutions. 

That cytochrome c must be present in the three times precipitated insol- 
uble oxidase complex becomes apparent by comparing the results obtained 
with the 1:40, 1:100, and 1:250 dilutions of the stock oxidase. Omission 
of cytochrome c from the system with the 1:40 oxidase leaves the oxygen 
uptake unchanged, whereas with the 1:100 oxidase the substitution of 0.25 
mg. of cytochrome c for 1 mg. of cytochrome e¢ decreases the oxygen uptake 
from 375 ¢.mm. in 120 minutes to 300 ¢.mm. <A comparison of the 1:250 
oxidase with 1 mg. of cytochrome ¢c and with evtochrome ¢ omitted shows a 
39 per cent decrease in the oxygen uptake. 


Effect of Inhibitors and Activators on d-Glucose Dehydrogenase-Insoluble 
(‘ytochrome Oxidase Complex System 


In Table VI are presented the effects of various inhibitors and activators 
when each substance was added at only one concentration. Deviations of 
less than 10 per cent from the water control are not considered significant. 
0.00002 M catalase produced a change of only 1 per cent. 0.05 mM sodium 
malonate produced a 10 per cent activation, but since a red precipitate 
formed when the malonate was added, the effect is to be viewed with cau- 
tion. 100 mg. per cent of atabrine (also complicated by the formation of a 
precipitate), 3 per cent ethvlurethan, and 0.04 mM sodium iodoacetate pro- 
duced a marked inhibition of the oxygen uptake. 


Combined Insoluble Cytochrome Oxidase Complex and Heart 
F'lavoprotein Systems 
Since flavoprotein alone could serve as a carrier for the aerobic oxidation 
of p-glucose in oxygen, it was decided to study the oxidation when added 
flavoprotein and the cytochromes ¢ and oxidase were used together as car- 
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TaBLeE VI 
Effect of Various Agents on Insoluble Cytochrome Oxidase Complex System 


Body, 10 mg. of liver protein in 1 ml. of 0.1 m phosphate buffer, pH 7.4; 1 mg. of 
cytochrome c in 0.25 ml. of water; 1 ml. of 1:100 cytochrome oxidase complex 
suspension, diluted with 0.1 m phosphate buffer, pH 7.4; 0.175 ml. of 0.1 Mm phosphate 
buffer, pH 7.4; 0.325 ml. of agent in water. Side arm, 0.25 ml. of 2 molal p-glucose 
in water; 1 mg. of DPN in 0.25 ml. of water. Center well, 0.25 ml. of 10 per cent 
NaOH. Gas phase, oxygen; temperature, 38°; rate of shaking, 100 per minute. 


— 


| 
Final concentration of agent 120 min. oxygen Deviation from 


uptake control 
‘pe cont 

0.05 M sodium malonate. 478 +10* 
100mg. %atabrine 23 
3% ethylurethan | 37 
0.04 m sodium iodoac 36 —9] 
0.00002 mM catalase 


* Red precipitate at beginning of experiment. 
t Precipitate noted at end of experiment. 


TaBLeE VII 


Omission of Factors in Combined Insoluble Cytochrome Oxidase Complex and 
Strauh Heart Flavoprotein System 


Center well, 0.25 ml. of 10 per cent NaOH; liver protein, 10 mg. in 0.1 M phosphate 
buffer, pH 7.4; flavoprotein, 2 mg. in 0.1 mM phosphate buffer, pH 7.4; cytochrome 
oxidase complex, stock suspension diluted 1:40 with 0.1 Mm phosphate buffer, pH 7.4; 
2 molal p-glucose in water; DPN, 1 mg. in water. Gas phase, oxygen; temperature, 
38"; ; rate of shaking, 100 per minute. 


ml. mi. mi. | ml. | ml mi. 
Body* Liver protein | 8.8 | 1.0 1.0 
0.1m phosphate buffer pH 7.4 | 1.28 | 0.25 | 0.5 | 0.25 | 1.25 | 0.25 
Water > 0.25 
Flavoprotein | 0.25 | 0.25 | | 0.25 | 0.25 | 0.25 
Cytochrome oxidase | | 1.0 
Side arm p-Glucose | 0.25 | Bet 0.25 
DPN 6.25 | 0.25 0.25 | 0.25 | 0.25 
Oxygen min. | $19; 21 182 | 322 
uptake 120 min. 7 | 32 | 325 | 591 
| | | | | 


°<) ytochrome ¢ ] mg. in 0.25 ml. of water added to body of each vessel. 


riers. ‘The effect of omitting certain factors of the system contaming the 
oxidase at a 1:40 dilution and with 2 mg. of heart flavoprotein is presented 
in Table VII. When liver protein, p-glucose, or DPN was omitted, the 
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oxygen uptake for the 120 minutes was between 27 and 32 ¢.mm. The 
complete system consumed 591 ¢.mm. of oxygen in 120 minutes and the 
activity was unaffected by omitting the flavoprotein. Omission of the 
oxidase reduced the oxygen uptake to approximately the value obtained 
with flavoprotein alone; namely, 325 ¢.mm. in 120 minutes. 

The data in Table VIIT present the effects of many factors on the actiy- 
ity of the flavoprotein and insoluble cytochrome complex systems, alone 
The liver protein was always present in the amount 


and in combination. 
The oxidase was used at a dilution of the stock solu- 


of 10 mg. per vessel. 


VIII 
Effect of Air, Oxygen, Cytochrome c, and Cyanide on Two Systems 
NaQH, 10 per cent; liver protein, 10 mg. in volume given below of 0.1 mM phosphate 
buffer, pH 7.4; flavoprotein, 2 mg. in volume given below of 0.1 M phosphate buffer, 
pH 7.4; cytochrome c, 1 mg. in 0.25 ml. of water; evtochrome oxidase complex stock 
suspension diluted 1:250 with 0.1 « phosphate buffer, pH 7.4. Temperature, 38°; 


rate of shaking, 100 per minute. 


Vessel pair. .... 2 ; 4 5 9 10 11 12 
Air Air Air Air Air | Air Ajir | Air | Air | O; 
mi. ml. mi mi. mi. ml. mi. ml. mil. mi. | mi. mil. 
Center well | Sodium hydroxide | 60.25 
Water (0.25 6.25 0.25 6.25 0.25 (0.25 | 0.25 | 0.25 0.25 | 0.25 
Body* Liver protein (0.5 | 1.0 (0.5 {0.5 |0.5 {0.5 {0.5 
Flavoprotein | 0.25 |0.25 | 0.25 0.25 0.25 | 0.25 0.25 
Cytochrome ¢ | 0.25 1.0 0.25 0.25 | 0.25 0.25 0.25 | 0.25 0.25 
oxidase 1.0 1.0 11.0 |1.0 /1.0 | | 1.0 (1.0 
0.1m phosphate 1.0 | 0.5 9.75 0.425 0.675 1.75 1.75 1.425 0.75 0.425 
buffer, pH 7.4 | 
0.01 mM sodium 0.325 0.325 | 0.325 0.325 
cyanide 
Water 0.25 0.25 0.25 | 
Comm. CMM. Comm. CMM. Cmm Comm. 
Oxygen 60 min. M2 106 72: 110 141. 79 11 72 72) 74) 204 157 
uptake 120 min. 197 202 129 20S 246 138 14. 132 132 136 366 280 


* Side arm, 0.25 ml. of 2 molal p-glucose in water and 1 mg. of DPN in 0.25 ml. of 


water in each vessel. 


tion of 1:250 which had previously been found to give submaximal activity 
with the 10 mg. of liver protem. A comparison of Pairs | and 2 indicates 
that the oxidase svstem is unaffected by an SO per cent reduction in the 
Karher experiments had shown that carbon dioxide is not 


oxygen tension. 
A compari- 


evolved in this system, and, therefore, alkali is not necessary. 
son of Pairs 2 and 3 shows that eyvtochrome c is limiting at the 1:250 dilu- 
tion of the stock oxidase. The addition of flavoprotein (Pair 4) to the sys- 
tem containing no cytochrome ¢ (Pair 3) increases the oxygen uptake. The 
addition of cytochrome ¢ in the presence of the flavoprotein (Pair 5) in- 
creases the oxygen uptake even further to exceed the control (Pair 2) con- 
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taining no flavoprotein. Sodium cyanide in a final concentration of 0.001 
mM (Pair 6) inhibits the oxidase system to the extent that the activity of the 
system with oxidase and flavoproteim (Pair 5) is reduced to the level ob- 
tained with flavoprotein alone (Pair 8). The oxidase system alone is in- 
hibited by approximately 90 per cent (compare Pairs 2 and 7). Added 
cytochrome ¢ and sodium cyanide are without effect on the flavoprotein 
system (Pairs 8, 9, and 10)... A comparison of Pairs 11 and 5 shows that 
the oxygen in air is limiting when the two systems are together, the oxygen 
uptake being 366 ¢.mm. and 246 ¢.mm. in 120 minutes in oxygen and air, 
respectively. 0.001 M sodium cyanide inhibits the activity of the combined 
systems in oxygen by approximately 24 per cent (compare Pairs 11 and 12). 
The value of 280 e.mm, (Pair 12) compares rather favorably with the 
values obtained with flavoprotein alone, indicating that when the cyanide is 
added to inhibit the oxidase system the flavoprotein system functions 
independently. 


DISCUSSION 


The work of Adler and von Euler (3) and of Ogston and Green (2), which 
showed that a yeast flavoprotein could mediate the aerobic oxidation of p- 
glucose, has been verified by using heart flavoprotein as a carrier. It is 
difficult to explain why such large amounts of flavoprotein were necessary 
in order to approach the upper limits of dehydrogenase activity. One pos- 
sibility was that the flavoprotein while being oxidized was producing an 
amount of hydrogen peroxide sufficient to decrease the rate of the reaction. 
It was argued that, if this were the case, the addition of catalase should 
remove the hydrogen peroxide and allow the reaction to approach its true 
equilibrium. On the other hand, the addition of catalase should also tend 
to decrease the oxygen uptake, since it world return to the gas phase 1 of 
2 oxygen atoms that had been incorporated into the hydrogen peroxide 
molecule. Since the addition of cataluse caused a 22 per cent increase in 
the oxygen uptake, it seemed that of the two possibilities the accumulation 
of hydrogen peroxide to inhibit the reaction may have been the dominant 
one. 

The use of the various inhibitors, although only at one concentration 
each, served further to characterize the enzymes involved in this aerobic 
oxidation of p-glucose. The failure of sodium malonate to inhibit rules out 
the succinate-fumarate system as an intermediate or as a coupled reaction 
in the dehydrogenation. Atabrine at a final concentration of 100 mg. per 
cent markedly inhibited the flavoprotein system. This substance is known 
to be a competitive inhibitor of eytochrome reductase (14), a flavoprotein 
from yeast, and its action presumably is by virtue of its structural similarity 
to the flavin portion of the prosthetic group of the enzyme. Sodium iodo- 
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acetate inhibited the flavoprotein system and this strengthens our belief 
that here, as in other enzyme reactions involving an oxidation, sulfhydryl 
groups are participating. However, these results are not in agreement with 
those obtained by Harrison (1), who showed that 0.001 m iodoacetate did 
not inhibit the anaerobic decolorization of methylene blue by glucose dehy- 
drogenase. It may be that our higher concentration of the inhibitor 
(0.04 m) had, in part, a non-specific action. On the other hand, it is sug- 
gested that the lower concentration used by Harrison may have been in- 
sufficient to overcome a protective action exhibited by the other proteins 
that were present in his less pure preparation. 

It has been verified that the three times precipitated insoluble cytochrome 
oxidase complex of heart muscle, as used by Hawthorne and Harrison (4) 
and as modified by us, can serve as a carrier with the p-glucose dehydro- 
genase of lamb liver. The failure of Ogston and Green (2) to verify Har- 
rison’s (1) results was probably due to the method they selected for pre- 
paring their oxidase. The mortar-ground tissue, instead of being centri- 
fuged, was squeezed through cheese-cloth which undoubtedly allowed many 
impurities to pass into the preparation. These impurities would not only 
lower the activity per unit of protein, but might also add to the prepara- 
tion an enzyme which we suspect to be a ribonuclease and which, therefore, 
would rapidly destroy the DPN. 

A comparison of the results, obtained in air and in oxygen with the cyto- 
chrome system alone and with the cytochrome system when flavoprotein is 
added, suggests that the important physiological system is the cytochrome 
system of which flavoprotein may be a part. The marked difference in 
activity, a 50 per cent decrease, that is noted when the flavoprotein system 
in 100 per cent oxygen is compared with the flavoprotein system in air (20 
per cent oxygen) suggests that flavoprotein is an ineffectual carrier at oxy- 
gen tensions below 150 mm. This is further borne out by a comparison of 
the results obtained with the two systems in air and in oxygen when alone 
and in combination. In 120 minutes the cytochrome system alone in air 
catalyzed the uptake of 202 e.mm. of oxygen, the flavoprotein system alone 
used up 132 c.mm., and the two systems together consumed 246 ¢.mm. 
The corresponding values in oxygen were 197, 280, and 366 c.mm., respec- 
tively. It is apparent that the flavoprotein is of lesser importance as the 
oxygen tension is reduced. ‘This is in agreement with the results of Green 
(15). 

By omitting each in turn, p-glucose, p-glucose dehydrogenase protein, 
and DPN have been shown to be necessary constituents of the cytochrome 
system that aerobically oxidizes p-glucose. That cytochrome c is a neces- 
sary constituent is evident from the fact that in the more dilute solutions 
of the stock oxidase (1:100, 1:250) the addition of cytochrome c accelerates 
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the oxygen uptake. [lawthorne and Harrison, even though they were able 
to show an increase in oxygen uptake under certain conditions, concluded 
that cytochrome ¢ was not absolutely necessary and that in the absence of 
cytochrome ¢ the oxidation of D-glucose was mediated from the dehydro- 
genase to flavoprotein, to cytochromes @ and 6, and finally to cytochrome 
oxidase. Dewan and Green (16) and Hawthorne and Harrison were not 
able to demonstrate spectroscopically the presence of cytochrome c in their 
preparations. ‘That our three times precipitated insoluble oxidase complex 
contains eytochrome ¢ is borne out by the following observations: (1) that 
added cytochrome ¢ enhances the activity of the more dilute oxidase prepa- 
rations; (2) that hydroquinone, whose enzymatic oxidation must be medi- 
ated by cytochrome e (17, 12), is oxidized by this preparation, and that 
added cytochrome c¢ accelerates the reaction only slightly.’ 

When catalase is added to the eytochrome c-insoluble cytochrome oxi- 
dase complex system, there is no increase in the oxygen uptake such as was 
obtained when catalase was added to the flavoprotein system. The 
marked inhibition obtained when atabrine is added in a final concentration 
of 100 mg. per cent to the cytochrome system without added flavoprotein 
must be interpreted with caution, since a precipitate was formed. The in- 
hibition obtained in the presence of 3 per cent ethylurethan (18) suggests 
that cytochrome 6 may be present and serving as an intermediate. Ethyl- 
urethan was without effect when flavoprotein was the sole added carrier. 
The inhibition observed with sodium cyanide suggests that cytochrome 
oxidase is one constituent of the carrier system. 

The results suggest to us that the aerobic oxidation of p-glucose, when 
p-glucose dehydrogenase protein and DPN are present, is mediated through 
the following components of the cytochrome system: cytochrome c and 
eytochrome oxidase. The participation in the cycle of flavoprotein and of 
eytochromes a and 6 has not vet been verified. 


SUMMARY 


1. It has been demonstrated manometrically that Straub’s heart flavo- 
protein can serve alone as a carrier with a partially purified p-glucose de- 
hydrogenase protein of lamb liver with added diphosphopyridine nucleotide 
when the gas phase is oxygen. Added crystalline liver catalase increases 
the oxygen uptake. 

2. It has been verified that an insoluble, three times precipitated, heart 
eytochrome complex, with added cytochrome c, can function as a hydrogen 
carrier with p-glucose dehydrogenase protein of lamb liver and diphospho- 
pyridine nucleotide. Added crystalline catalase is without effect. 


7 Wainio, W. W., Cooperstein, 8. J., Kollen, 8., and Eichel, B., unpublished. 
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3. If Straub’s heart flavoprotein is added to the insoluble cytochrome 
complex system, the flavoprotein can operate as a separate and independent 
carrier system. When the gas phase is air, the flavoprotein is of lesser im- 
portance as an independent system than when the gas phase is oxygen. 

4. Cytochrome c has been shown to be partly limiting in dilute prepara- 
tions of a three times precipitated insoluble cytochrome oxidase complex. 

5. It has been shown that the enzyme system under consideration here 
for the aerobic oxidation of pb-glucose consists of the following: p-glucose 
dehydrogenase protein, diphosphopvridine nucleotide, cytochrome c, and 
cytochrome oxidase. ‘The participation in the cycle of flavoprotein and of 
cytochromes a and 6 has not yet been verified. 
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In previous work on the denaturation of antibody, studies have been 
made of some of the factors influencing the inactivation of diphtheria anti- 
toxin in urea solutions (1, 2). A quantitative formulation of a simple 
kinetic theory was found to fit satisfactorily the experimental data and to 
offer a reasonable explanation of the deviation of the inactivation from 
simple first order behavior (2). In the present work we have studied the 
inactivation of Staphylococcus antitoxin, investigating the influence of cer- 
tain new factors on the rate and course of the over-all reaction, with a view 
toward gaining further insight into the mechanism of the reactions, and re- 
investigating the influence of pH, a factor studied previously with diph- 
theria antitoxin, in order to test the applicability of the proposed kinetic 
mechanism to different antibodies. 


Materials and Methods 


The antitoxic globulin was obtained from crude horse plasma! by frac- 
tionation between 1.33 and 1.68 M ammonium sulfate. ‘The final prepara- 
tion contained about 9 per cent protein and 260 1.v. of antitoxin per ml. 
Orly the neutralizing power for the Staphylococcus a-toxin, which hemolyzes 
rabbit red blood cells, was considered in the present work. The hemolytic 
toxin was obtained from a semisolid agar culture of Staphylococcus aureus 
in the usual manner; the toxin was preserved with merthiolate and used 
in its crude form. ‘The antitoxin assays were carried out in the customary 
manner as described previously (3). The procedure consists essentially of 
determining the dilutions of the unknown and of the treated antitoxins re- 
quired to reduce the toxicity of a constant amount of the toxin, containing 
about 150 minimal hemolytic units, to a point where only 50 per cent hemol- 
ysis of added rabbit red blood cells occurs after standard incubation. The 
ratio of the dilution of the partially inactivated antitoxin to the dilution of 


* Contribution No. 1129. 
‘Supplied by the Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York. 
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the untreated antitoxin gives the proportion of antibody activity remaining; 
micro-Kjeldahl determinations (4) were necessary to correct for the random 
volume changes which occurred during the dialysis of the samples for the 
removal of the urea. The over-all determination appears to be accurate to 
within a few per cent. 


RESULTS AND DISCUSSION 


Influence of pH on Rate of Inactivation-—In the previous work on the 
kinetics of the inactivation of diphtheria antitoxin in urea it was observed 
that the pH marked® influenced the course of the reaction. IXinetie ex- 
periments were performed with the Staphylococcus antitoxin at a ce mparable 
series of pH values and in a similar manner. 8 w urea and a protein con- 


20 30 40 20 40 60 80 0 
TIME IN HOURS TIME IN HOURS 
Fic. 1 Fic. 2 


Fics. 1 ANp 2. Per cent antibody remaining (logarithmic scale) as a function of 
time of denaturation in 8 M urea at 25°, studied at various pHl values. Fig. 1, © pli 
4.97, © pH 5.38, @ pH 6.21; Fig. 2, pH 7.40, O pH 8.92, © pH 9.34, @ si. The 
curves represent the equation [7] = Tye: + T:e%2'. For definitions of symbols 
eee Wright and Schomaker (2). 


centration of 0.3 per cent were used; the denaturation reactions were carried 
out in a thermostat at 25°. The buffer salts were held at an ionic strength 
of 0.1. Borate buffer was used at pH 9.81, 9.34, and 8.92, phosphate at 
pH 7.40, and acetate at pH 6.21, 5.38, and 4.97. Samples were removed at 
the required intervals, diluted with an equal volume of saline, and dialyzed 
in the cold to remove urea, and the per cent of the original antibody activity 
was then measured. The experimental results are given in Figs. | and 2. 

It is clear that the general features of the influence of pH on the inactiva- 
tion of Staphylococcus antitoxin and diphtheria antitoxin are closely similar. 
Application to the data of the theoretical treatment proposed previously for 
the inactivation of diphtheria antitoxin in urea solutions gave the curves 
presented in Figs. 1 and 2; the rate constants derived from the theoretical 
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curves are given in Table |. This treatment and the proposed kinetic 
mechanism of which it is the quantitative expression have been developed 
and discussed in detail previously (2). Lriefly, however, the proposed 
mechanism may be represented by the diagram 


where N represents the native, undenatured antibody, / the inactivated 
antibody, P? a hypothetical “protected antibody” which is fully active (or 
becomes so on removal of urea) but is not susceptible to inactivation, and 
k,, ke, and ks represent first order rate constants for the reactions as indi- 
eated. Examination of Figs. 1 and 2 indicates that the present data are 
well represented by this treatment, since the experimental points are, in 
general, closely fitted by the curves. The values of the rate constants de- 


TABLE I 
Variation with pH of Rate Constants Obtained from Quantitative Treatment Described 
in Text 
pH ky k | hy 
hrs | hrs 
4.97 2.54 2. | 0.0023 
5.35 0.83 0.0020 
1.62 0.013 
7.40 0.46 1.02 0.0049 
8.92 9.30 0.013 
9.34 0.30 0.41 0.035 
9.81 1.31 1.49 0.10 


rived from the theoretical curves and given in Table I, moreover, appear to 
be identical with those obtained in the experiments with diphtheria anti- 
toxin (2), within the rather large probable errors associated with this sort of 
curve fitting when the number of experimental points is small. 

The satisfactory fit of the experimental data to the theoretical treatment 
outlined above appears to be additional evidence of the validity of this ex- 
planation. If the proposed kinetic explanation is in fact substantially 
correct, the striking similarity of the values of the calculated rate constants 
for the two antitoxins suggests that corresponding regions of the protein 
molecules, with essentially identical major stabilizing bonds, may be in- 
volved in the structures of the combining groups of the antibodies for differ- 
ent antigens. 

Influence of Neutral Salts on Rate of Inactivation An interesting aspect 
of the denaturing action of urea and related substances is the influence of 
electrolytes on the reaction. The denaturing activity of guanidine salts 
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was observed to be markedly influenced by the nature of the anion (5), 
Burk (6) studied the effect of a large number of salts on the concentration 
of urea necessary for the liberation of sulfhydryl groups of several proteins, 
and observed very striking differences, the effects varying from. strong 
inhibition of denaturation to striking augmentation. The rate of denatura- 
tion of tobacco mosaic virus in urea was also observed to be influenced by 
the kind and quantity of electrolyte in the solution (7). 

“xperiments were carried out to determine whether the inactivation of 
antitoxin is similarly influenced by salts. It was considered possible that 
the different component reactions of the over-all inactivation might be in- 
fluenced in different ways, a result which might lead to a separation of the 
constituent reactions and a better understanding of their nature. Three 


PERCENT ANTIBODY 


hic. 3. Per cent antibody remaining (logarithmic seale) as a function of time of 
denaturation in 6 M urea at 25°, in the presence of 0.25 M concentrations of various 
salts, follows: none, C) sodium sulfate, @ sodium ehloride, calcium chloride, 
The curves are empirical. 


representative salts were selected from the large group studied by Burk (6). 
(Calcium chloride was chosen as a denaturation-favoring salt, sodium sulfate 
as a denaturation-inhibiting salt, and sodium chloride as an intermediate 
salt. The urea concentration was 6M. Because of the large influence of 
pH on the rate and course of the over-all reaction, it Was necessary to control 
this factor by the addition of acetate buffer at a tinal concentration of 0.05 
M. The experiments were set up in the usual manner, the different salt 
solutions being added to measured portions of a solution containing the urea 
and the buffer, to give a final concentration of 0.25 mM. After the solutions 
had reached temperature equilibrium in the 25° thermostat, the experiment 
was started by adding the antibody globulin. The samples were removed 
at intervals, immediately dialyzed, and assayed for antibody activity as 
before. The results are given in Fig. 3. 
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Some variation in pH did occur in the experiment, since the pH readings 
of the solutions were as follows: control 5.66, calcium chloride 5.33, sodium 
sulfate 5.54, sodium chloride 5.52. These differences appear to be consid- 
erably too small to account for the observed effects on the rate of inactiva- 
tion, however. 

It is clear that the influence ot the three salts on the inactivation of anti- 
body parallels their influence on the liberation of sulfhydryl groups in other 
proteins. ‘Thus the addition of calcium chloride promoted the inactivation, 
sodium sulfate inhibited it, amd sodium chloride was intermediate in its 
effect. There is, however, a slight difference in the behavior of sodium 
chloride, since it promoted the inactivation slightly, whereas it slightly 
inhibited the liberation of sulfhydryl groups (6). Thus the results provide 
additional evidence of the general similarity of the inactivation of antibody 
to other reactions of proteins which occur in urea solutions and which have 
been considered classical manifestations of protein denaturation. Although 
the data are not sufficiently extensive to permit the application of the quan- 
titative treatment of the reaction discussed above, it is clear that a very 
considerable change in the values of the rate constants in this treatment 
would be required to produce the large differences in initial slopes among 
the different experiments. Thus the effects of the salts on the reaction 
rates may be considerably greater than would appear from a casual inspec- 
tion of the data for the over-all reaction. It seems as though the three rate 
constants are affected by the salts in approximately the same manner. 

Influence of Hydrostatic Pressure on Rateof Inacttvation — It has frequently 
been observed that the rate of denaturation of proteins is decreased by a 
moderate increase in hydrostatic pressure, indicating that there is an appre- 
ciable volume increase when « protein molecule goes from the normal to the 
activated state for this reaction. Studies of this sort on the denaturation 
of the bacterial luminescent system have been particularly complete (8), 
but evidence has accumulated that denaturation of many other proteins is 
also accompanied by an increase in volume (9). The rate of denaturation 
of Staphylococcus antitoxin at 65° in dilute salt solutions was observed to 
decrease with increasing hydrostatic pressure, thus providing additional 
evidence of the close relationship of antibody inactivation and protein 
denaturation (3). The influence of hydrostatic pressure on the denatura- 
tion of proteins in urea solutions does not appear to have been investigated. 

An experiment was performed to determine the influence of hydrostatic 
pressure on the inactivation of the antitoxin in 6 M urea solutions at 25°. 
Sodium acetate-sodium chloride butfer was adjusted to give an ionic 
strength of 0.1 and pH 5.57. As soon as the globulin was added, four 5 ml. 
samples of the solution were placed in tubes, stoppered with rubber stoppers 
to leave no air space, placed in the pressure chamber, and a pressure of 
10,000 pounds per sq. in. applied. The pressure chamber and the remain- 
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der of the solution at atmospheric pressure were placed in the 25° thermo- 
stat. Samples were taken at intervals from both the atmospheric pressure 
and high pressure portions, dialyzed, and assayed as before. The results 
are given in Fig. 4. 

Within the experimental error of the method there appears to be no influ- 
ence of hydrostatic pressure on the rate of the Inactivation. In view of the 
considerable influence of pressure on the rate of inactivation at 65° in the 
absence of urea, this result was rather unexpected. It seems possible, how- 
ever, that a reasonable explanation of this difference in behavior may be 
proposed. The action of urea is generally believed to involve the weakening 
of the numerous secondary bonds which hold the polypeptide chain in its 
native configuration (10). High temperature, on the other hand, pre- 
sumably does not weaken the intramolecular bonds significantly, but breaks 
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Fic. 4. Per cent antibody remaining (logarithmic scale) as a function of time of 
denaturation in 6 M urea at 25° at atmospheric pressure (@) and at 10,000 pounds per 
sq.in. (QO). The curve is empirical. 


them by means of locally accumulated kinetic energy. ‘The activated state 
for this latter process might well involve u general volume increase of the 
protein, whereas the urea-saturated protein, its stabilizing bonds largely 
neutralized, could unfold without appreciable volume change. 

Rate of Change of Viscosity at Vartous pH Values-—The increase in vis- 
cosity of serum proteins when subjected to the denaturing action of urea 
is well known (11). The rate at which this increase occurs, however, does 
not seem to have been investigated to any considerable extent, although 
recently the viscosity change has been observed to consist of an initial rapid 
rise followed by a gradual increase (12). Iexperiments were undertaken to 
determine whether the rate of the change in viscosity of the antibody 
globulin in urea could be correlated in any way with the kinetics of the anti- 
bedy inactivation. 
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Solutions at a series of pH values in 8 M urea were studied. These were 
prepared in the same way as in the antibody inactivation experiments. 
The antibody globulin was added last, after which the solutions were quickly 
filtered to remove any trace of lint, and samples were accurately measured 
into Ostwald viscometers in a thermostat at 25° + 0.01°. Measurements 
of the flow time were made frequently at first and then at increasing inter- 
vals as the viscosity change became slower. Between measurements the 
viscometers were stoppered to prevent evaporation of the solutions. After 
completion of each experiment the viscometer was cleaned and dried and 
the flow time of the solvent was determined on a solution made up in the 
same way as the denaturation mixture (usually an aliquot of the same solu- 
tion) except that an equal volume of water was substituted for the antibody 


RELATIVE VISCOSITY 
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Fie. 5. The relative viscosity of serum globulin as a function of time of denatura- 
tion in 8 M urea at 25°, studied at various pH values as indicated. The curvesare 
empirical. 


globulin. The relative viscosity was calculated from the two flow times, 
since density difference between the two solutions was assumed to be negli- 
gible. The results of five experiments at a range of pH values are given in 
Fig. 5. The early points in each experiment represent single measurements 
of the time of flow, but later measurements are the average of several 
measurements. 

It is clear that the behavior of the viscosity of the solutions varied greatly 
with the pIl and that the results show certain similarities to those of the 
antibody inactivation experiments. In acid solution the viscosity reached 
essentially its final value rapidly. At pH 6.30 the initial change was slower 
but did seem to approach « limiting value. At pH 8.82 the viscosity con- 
tinued to increase for the duration of the experiment. At pH 9.59 a similar 
behavior was noted until about 20 hours, when the viscosity leveled off and 
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finally began to decrease. This suggests that at this high pH some reac- 
tior other than the denaturation under consideration, for example a hydrol- 
vsis of the peptide bonds, contributed to the change of viscosity. Thus 
the results are similar to those obtained in the antibody inactivation experi- 
ments in certain respects and certainly confirm the existence of relatively 
slow changes in the protein when exposed to the denaturing action of urea, 
An adequate test of the applicability to the viscosity changes of the theory 
proposed for the antibody inactivation (2) would be very difficult to make, 
however, because it would be necessary to know the viscosities of the differ- 
ent molecular species in the various buffer-urea solutions and to have infor- 
mation about the manner in which their contributions add to produce the 
observed viscosity. 


SUMMARY 


A study has been made of the influence of pH, of certain neutral electro- 
lytes, and of hydrostatic pressure on the rate of inactivation of equine 
Staphylococcus antitoxin in urea solutions and of the viscosity changes which 
take place during the denaturation. Deviations from simple first: order 
behavior similar to those encountered in the inactivation of diphtheria anti- 
toxin were observed, and the course of the reaction could be similarly 
explained by the simple kinetic mechanism proposed previously, involving 
two competing reactions of the native protein. The influence of certain 
electrolytes on the inactivation of the antitoxin was observed to be generally 
similar to their influence on the hberation by urea of sulfhydryl groups in 
other proteins. Hydrostatic pressure was found to have little or no effect 
on the rate or course of the reaction. The rate of the viscosity changes of 
the protein in the urea solution was also observed to vary with the pH, in 
a manner which was suggestive of the variation of the inactivation reaction, 
and confirmed the occurrence of relatively slow changes of the protein in the 
urea solution. The meaning of the results was discussed. 


This investigation was carried out with the aid of a grant from the Rocke- 
feller Foundation. The authors are indebted to Professor Linus Pauling 
for helpful discussion and to Miss Phyllis Carpenter for technical assistance 
during part of the work. 
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A METHOD FOR THE MEASUREMENT OF RADIOIODINE 
IN BIOLOGICAL MATERIALS* 


By MICHAEL C. BARRYT 


(From the Department of Pharmacology, Yale University School of Medictne, 
New Haven) 


(Received for publication, April 10, 1948) 


kor the purpose of biochemical studies utilizing radioiodine I as a 
tracer material, it is desirable to have a simple, sensitive, and thoroughly 
validated method for the measurement of the radioactivity of the biological 
samples. ‘The present investigation was undertaken to provide such a 
method, with particular reference to the thyroid of the rat, but is adaptable 
with appropriate modifications to any biological material or compound. 
In this procedure the iodide in the sample is oxidized to iodate by a modifi- 
cation of the permanganate acid method of Riggs and Man (1), reduced to 
iodide, and the iodide precipitated as palladium iodide after the addition of 
a controlled amount of carrier iodide. By this means there is obtained a 
controlled weight of ['*!-containing precipitate which is independent of 
variations in the chemical composition and the amount of the original 
sample, and which may be easily filtered off for radioactivity measurement. 


Materials and Solutions— 


Reagent grade analytical chemicals were used throughout the experi- 
ments. 

Acetone, 5 per cent by volume. 

Palladium chloride; 1 ml. of solution contains 10 mg. About 20 ml. of 
concentrated hydrochloric acid per 250 ml. of solution must be added to 
dissolve the salt. 

Potassium iodide, 40.0 mg. per ml. of solution. : 

Disodium acid phosphate, anhydrous, approximately 1 mg. per drop of 
solution. 

Sodium acid sulfite, approximately 1 gm. per 50 ml. of solution. 

Sulfuric acid, SN and ISN. 

Radioactive iodine I, carrier-free in neutral or weakly basic solution as 
sodium iodide. Material obtained from the Atomic Energy,,Commission 


* The radioactive iodine used in this investigation was supplied by the Clinton 
Laboratories and obtained on allocation from the United States Atomic Energy 
Commission. 

This study was aided by grants from the National Institute of Health, the Na- 
tional Research Council, and the National Cancer Institute. 

t Fellow of the National Institute of Health. Present address, Sloan-Kettering 
Institute for Cancer Research, New York 21, New York. 
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was used without further purification. A stock solution containing ap- 
proximately 1 microcurie per ml. was prepared by water dilution. 


Procedure 


Oxidation—By means of a glass rod the excised rat thyroid is placed in a 
10 ml. Pyrex glass-stoppered volumetric flask containing approximately 200 
mg. of potassium permanganate and 2 ml. of 18 N sulfuric acid. It is 
convenient to use a small glass shovel in measuring out the permanganate. 
The flask is then placed in an asbestos-covered clamp at an inclination of 
about 45° with the bulb of the flask several mm. above an electric hot-plate. 
The temperature of the hot-plate is gradually raised until any initial reac- 
tion has subsided and steam has begun to issue from the mouth of the 
flask. Any tendency of the contents to bump out of the flask is counter- 
acted by moving it further above the hot-plate. In this fashion gentle 
boiling with evaporation of water is accomplished gradually until the 
volume of liquid has been reduced to one-third or one-half. At this point 
there will be no tendency to bump, but the reaction should be kept mild in 
order to prevent loss from sputtering. Further increase of temperature is 
continued until the sulfuric acid begins to reflux within the flask. Shortly 
after this it should be possible to turn the flask upright and continue 
refluxing without loss from spattering until a light brown color remains. 
The flask is then removed from the hot-plate and allowed to cool. The 
entire oxidation requires from 2 to 3 hours. : 

Precipitation of Todide— When cool, a few ml. of water are added to the 
flask, followed by several drops of sodium acid sulfite solution, with shaking, 
until the manganese dioxide has been reduced and the solution is colorless. 
In the event that it is desired to utilize only a portion of the original 
sample for radioactivity measurements the solution is now diluted to the 
mark with water; otherwise no further dilution is made. ‘Then either a 
suitable aliquot or the entire solution is transferred to a 50 ml. beaker con- 
taining a glass stirring rod, several drops of sodium acid sulfite, and 1 ml. of 
potassium iodide solution. Approximately | ml. of acetone is then added, 
and 3 ml. of palladium chloride solution. If a 1 ml. aliquot of the oxidized 
solution is taken for radioactivity measurement, the palladium iodide 
precipitate will be contained in about 25 ml. of solution. After stirring, the 
precipitate is filtered off under a vacuum on a Pyrex low form, 30 mm. di- 
ameter, fritted disk crucible of medium porosity. Three washings of about 
25 ml. each, to the second of which are added a few drops of acetone, 
effect a practically quantitative transfer of the precipitate to the crucible. 
The sides of the crucible are then washed down successively with 5 per cent 
acetone, water, and pure acetone. With this technique very little if any 
palladium iodide will remain on the sides of the crucibles. 
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Measurement of Radioactivity—After drying at 110° for a few hours the 
crucibles are ready for measurement. In these experiments the measuring 
equipment consisted of a Radiation Counter Laboratories, mark 6, model 3, 
thin wall (80 mg. per sq. cm.) 8-counter assembly in conjunction with an 
automatic recording counting rate meter and calibrating multivibrator, as 
described by Kip and associates (2) and by Mauro and Barry (3). The 
background counting rate was approximately 50 counts per minute. Care 
was taken to adjust the heights of the crucibles with aluminum disks so 
that all the palladium iodide precipitates would be approximately the same 
distance from the counter. 


EXPERIMENTAL 


Reproducibility—As a test of the reproducibility of the method several 
groups of six or more crucibles were prepared by adding the same amount 


TABLE I 
Reproducibility of Method 


Experiment No. | No. of crucibles Coefhcient of variation 


oo 


Nook 


of aqueous I with a 1 ml. pipette or tuberculin syringe to 50 ml. beakers 
containing several drops of sodium acid sulfite and 8 N sulfuric acid. Potas- 
sium iodide and palladium chloride were added and the precipitates filtered 
off and measured as described above, with the exception that in some of the 
experiments acetone was omitted. ‘The results are summarized in Table I. 
In Experiment 1, acetone was not used. [Experiments 2 and 3 were re- 
measurements of the crucibles in experiment |. The I’ in Experiment 4 
was added to 10 ml. volumetric flasks containing the solution resulting 
from the oxidation of approximately 20 mg. of rat tissue. After diluting 
to 10 ml. with water, 1 ml. aliquots from each were treated as above. 
Experiment 5 consisted of the simultaneous measurement of the crucibles in 
Experiments 1 and 4. In Experiments 6 and 7 a 1 ml. tuberculin syringe 
instead of a pipette was used to deliver the I’, and acetone was added. 
Half Life of P''~ Remeasurement of the same crucible after several weeks 
provided a value for the half life of I'*' differing by 4.3 per cent from the 
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accepted value of 8.0 days. Thus there would not appear to be any 
change in activity of the palladium iodide unexplained by radioactive 
decay. 

Linearity of Dilution—Triplicate samples at each of three 1'* dilutions 
were prepared as in the reproducibility measurements above without the 
use of acetone. The results are presented in Table II. The activity of the 
most dilute sample was about 5 times the background. | 

Effect of Thickness of Palladium Iodide Precipitate on Measured Activity— 
Three sets of crucibles containing equal amounts of I'*! were prepared with 
palladium iodide thicknesses of 6.2, 12.4, and 18.6 mg. per sq. cm. The 
activities of the two latter were respectively 5 and 15 per cent lower than 
those of the 6.2 mg. per sq. em. thickness. A thickness of 6.2 mg. per sq. 
em. of palladium 1odide was that obtained by the precipitation of the iodide 
in 40 mg. of potassium iodide and its uniform deposition on a 30 mm. 
diameter fritted disk. 


TABLE II 
Dilution Linearity 


Diluti | Deviation from 
Experimental Calculated 
counts per min. counts per min. per cent 
l 3420 (3420) * 
0.2 674 684 -1.6 


0.08 271 274 —0).7 


* Experimentally determined. 


Recovery of Palladtwm Iodide Gravimetrically-—in tour experiments con- 
sisting respectively of nine, six, six, and twelve crucibles each the weights of 
the palladium iodide precipitates were determined. In Experiments | and3 
the precipitates were prepared as in the reproducibility measurements. 
Acetone was not used in Experiment 1. [:xperiment 4 crucibles were the 
precipitates from a group of rat thyroids prepared according to the pro- 
cedure given earlier. The average precipitate weight was 43.60 + O.17 
mg.; as tested by the analysis of variance there was no significant difference 
in weights between the four experiments. On the assumption that 40.0 
mg. of potassium iodide were added in each precipitation, 43.4 mg. of 
palladium iodide would have resulted. The average weight obtained, 
43.6 mg., corresponds to the addition of 40.15 mg. of potassium iodide. 
This deviation is within the possible error in weighing und in the delivery 
of 1 ml. of solution by volumetric pipette. 

Recovery of Radioiodine— Loss of P* during oxidation was meusured by a 
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series of three experiments, in each of which the activity of six samples 
prepared as in the reproducibility measurements was compared with a set of 
six containing originally the same amount of radioiodine but oxidized with 
10 to 25 mg. of non-radioactive rat tissue. In the preparation of these 
latter samples the I'*' was added to the 10 ml. oxidizing flasks, the sides 
rinsed with 2 to 3 ml. of water, about 5 mg. of disodium hydrogen phos- 
phate were added, and the solution evaporated until only a few drops 
remained. Then potassium permanganate, sulfuric acid, and rat tissue 
were added and the determination conducted according to the procedure 
given earlier. In the case of both groups acetone was omitted from the 
filtration of the palladium iodide precipitate. The average recovery was 
99.5 per cent. As tested by an analysis of variance the difference between 
the oxidized and non-oxidized groups was not significant. On the assump- 
tion of the same variance a mean difference of about 2 per cent would have 


TABLE III 


Recovery of Radiotodine 


Experi- | 
ment Scale readings ee 
1 Oxidized 60 | 59 57 | 50 | 56 58 
Non-oxidized 60 60 5s | © | & 99.4 
3 Oxidized 47 48 46 49 
Non-oxidized 48 47 45 48 | 45 44 100.2 


been sufficient to produce a significant result. ‘The data are presented in 
Table III. Readings are in arbitrary scale units. 

Efficiency of Radioactivity Measurement—An I'*' sample, whose absolute 
disintegration rate had been determined with a National Bureau of Stand- 
ards radium D + E @8-ray standard, was precipitated and measured as in 
the reproducibility experiments. In this way the efficiency of this method 
was found to be about 1 per cent. On the basis of sample counter geom- 
etry an efficiency of approximately 3 per cent would have been expected. 
The additional loss is due principally to 3-ray absorption by the relatively 
thick counter window (30 mg. per sq. cm.). 

Palladium Iodide on Walls of Crucibles-—-When acetone was omitted from 
the filtration step, a small amount of palladium iodide remained on the walls 
of the crucibles. In the case of eleven crucibles, judged visually to have an 
average tO maximum amount of precipitate on the walls, the weight of 
precipitate was measured and found to vary between 0.1 and 0.9 mg. 
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Removal of the precipitate resulted in reductions of radioactivity varying 
from 0 to 2 per cent. 


DISCUSSION 


Under the conditions described this method is suitable for the oxidation 
and messurement of the [' content of thyroids from normal rats weighing 
as much as 400 gm. and having fresh thyroid weights of approximately 30 
ing. Larger amounts of material could be handled by either or both of the 
two wavs following. First it would be very simple to increase considerably 
the efficiency of the radioactivity measurements. With the present 
technique it was found that about | per cent of the disintegrating atoms of 
Ps! was actually detected. If we assume conservatively that 2 counting 
rate of about twice the background, 100 counis per minute, would be 
required for reasonably precise measurement of activity, it would be possible 
to measure 0.17 milliruthertord ot [' (or less accurately stated, 4.5 & 10° 
microcurie). By adopting the precipitation technique described by 
Henriques ef al. (4), and finally mounting the palladium iodide precipitate 
ona 20 mim. filter paper about 2 mm. from « thin window, lead-shielded, 
bell-type counter with a background of 30 to 40 counts per minute, at 
least 20 per cent of the [*' disintegrations could be detected. This would 
make possible the measurement of 4 &K 107° milliruthertord (10 * micro- 
eurle), a considerable improvement in sensitivity. This sensitivity could 
be utilized to reduce the amount of material required, 10 to 25 me. aliquots 
being taken for analysis. 

Secondly, modification of the oxidation conditions could be made to 
accommodate larger amounts of organic matter. An approximately LO- 
fold increase in weight of oxidized material probably could be made with a 
proportionate increase in quantities of reagents and size of oxidstion 
flasks. Obviously, increasing the amount of tracer would further increase 
the dilution possible, with a consequent reduction in amount of necessary 
material and required sensitivity. 


SUMMARY 


1. A convenient method for messuring radioactive iodine, I'*, in the 
normal rat thyroid is described. 

2. With the technique described a sensitivity of 0.17 muilliruthertord is 
achieved. An ultimate sensitivity of at least 4 *& 10-* millirutherford, 
microcurie, is possible. 

3. The method is readily adaptable to other biological materials. 

4. Recoveries of added radioiodine are 99 per cent. 
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ESTIMATION OF aAMINO ACIDS IN PURE SOLUTIONS, IN 
BLOOD, AND IN URINE WITH peri-NAPHTHINDAN- 
2,3,4-TRIONE HYDRATE 


By RADWAN MOUBASHER 
(From the Faculty of Science, Fouad Ist University, Cairo, Egypt) 


(Received for publication, January 23, 1948) 


Ruhemann (1) reported that when free amino acids are warmed in 
slightly acid or neutral solution with triketohydrindene hydrate (ninhydrin) 
they are decomposed to yield carbon dioxide, ammonia, and the next lower 
aldehyde. Glycine is an exception to this rule and does not yield for- 
maldehyde. 

Van Slyke, Mackadyen, and Hamilton (2) have described a method for 
the determination of free amino acids by titration of the carbon dioxide 
formed in the reaction with ninhydrin; Van Slyke, Dillon, MacFadyen, and 
Hamilton (3) have pointed out that isatin in glacial acetic acid and chlora- 
mine-T, at pil 2.5, may be used in place of ninhydrin. Virtanen, Laine, 
and ‘Toivonen (4) have described a quantitative method for the estimation 
of amino acids in protein hydrolysates based on the quantity of aldehyde 
liberated by means of ninhydrin. 

In the present work it is shown that peri-naphthindan-2 ,3 ,4-trione hy- 
drate quantitatively decomposes a-amino acids in slightly acid medium to 


ee 
< Cy Olt 
< S—c’ ‘OH | 
O NH. 
(1) (Tl) 
C-—-OH + R--CH=0O + CO; + NHs 
OH 
(IID) 


the corresponding aldehyde with L carbon atom less (cf. Schénberg, Mou- 
basher, and Mostafa (5)). 

peri-Naphthindan-2 ,3 ,4-trione hydrate is valuable for the determina- 
tion of free a-amino acids in blood and urine by the estimation of the alde- 
hvdes formed during the reaction. In the case of blood the proteins can be 
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removed without loss of amino acids. Picric acid has been found to be the 
most convenient reagent for this purpose (¢f. Hamilton and Van Sivke (6)). 
Its application is very simple and yields a filtrate of pH 1.8 to 2.0, which is 
suitabl+ without the addition of any other buffer for the peri-naphthindan- 
2,3 ,4-trione hydrate reaction. 

Unlike the peri-naphthindan-?2 ,3 ,4-trione hydrate method, the nitrous 
acid method applied to urine by Van Slyke and Wirk (7) and the formol 
titration of Sérensen (8) can be used to estimate not only the a-amino 
nitrogen of free amino acids but also the terminal amino groups of pep. 
tides, as well as amino groups of purines, pyrimidines, and aliphatic amines 
other than amino acids. 

Preparation of pert-Naphthindan-2 ,8 ,4-trione Hydrate—peort-Naphthin- 
dan-2 .3,4-trione hydrate is easily prepared (cf. Ferrera (9)) by treating 
hydroxy ketoperinaphthindene with phenylhydrazine in acetic acid solution 
and boiling under a reflux condenser for 10 minutes. ‘The intense red 
crystalline substance obtained is filtered off and treated with bromine 
water until the red color changes to vellow and the excess bromine is driven 
‘off by boiling for a short time; on cooling, golden vellow prisms of peri. 
naphthindan-2 .3,4-trione hydrate separate out. It is soluble in water, 
alcohol, acetic acid, slightly soluble in benzene, and more soluble in xylene. 
It is stable at 100°, but at 110° it gradually loses water and passes into the 
anhydrous triketone, melting at 273° with decomposition. It gives an in- 
tense blue coloration with strong alkali, reduces Fehling’s solution and silver 
salts. and is reduced by phenylhydrazine, hydroxylamine, sulfur dioxide, 
and hydrogen sulfide. For other properties, ef. (10, 11). 

In addition to the ease of its preparation, per7-naphthindan-2 ,5 ,4-trione 
hydrate is relatively inexpensive as compared with ninhydrin.  \loreover, 
the reduction product obtained in the case of ninhydrin cannot be re- 
generated and reoxidized to reform ninhydrin, while in the case of pert- 
naphthindan-2 ,3 .4-trione hydrate (1), its reduction product, dihydroxy- 
ketopermaphthindene (II]), can be separated and reoxidized by bromine 
water to the initial substance almost quantitatively. 


Estimation of a- Amine Acids in Pure Solutions 


Principle The estimation of the following a-amino acids has been carried 
out with per7-naphthindan-2 ,3 ,4-trione hydrate, as they are converted to 
the next corresponding volatile aldehyde with | carbon atom less when they 
are warmed in a dilute buffer solution: alanine, leucine, isoleucine, valine, 
serine, aspartic acid, and phenylaminoacetic acid. Aspartic acid is de- 
composed to acetaldehyde (proved by the formation of the 2,4-dinitro- 
phenylhydrazone derivative). 
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Reagents— 

1. Citrate buffers (3); pH 4.7, grind together 17.65 gm. of Na;C¢b- 
H;O;-2H,0 and 8.4 gm. of CsHsO7-H,O to a fine powder. pH 2.5, grind 
together 2.0) yin. ot Nag('sH,O7-2H.O and 19.15 ym. of 

2. Sodium bisulfite solution, | per cent. 

3. Sodium bisulfite, O.OL N- 

t. fodine, O.OL N. 

5. Saturated solution of sodium bicarbonate. 
6. Starch solution, freshly prepared. 
7. Pure pert-naphthindan-2 ,3 ,4-trione hydrate. 


Pic. 1. Reaction and distilling apparatus 


A pparatus- 

|. Rehberg micro burette of 2 ce. capacity. 

2. Micro pipette of 2 ec. capacity. 

3. Reaction and distilling apparatus. A distillation flask (4) is provided 
with a capillary tube for the passage of carbon dioxide, and an efficient 
reflux condenser (2B) is connected by means of glass tubing to a Liebig con- 
denser (C). The receiver is formed by two washing flasks cooled in ice (D) 
(Fig. 1). 

Method 


0.2 to 5.0 mg. of the amino acid (which must be dried over sulfuric acid in 
a vacuum desiccator overnight to constant weight) in 20 ec. of distilled 
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water and 50 mg. of the appropriate citrate buffer are placed in the reaction 
vessel with 50 mg. of the pulverized pert-naphthindan-2 ,3 ,4-trione hy- 
drate. A continual current of carbon dioxide is allowed to pass through 
the apparatus during heating. The distillate is trapped in 5 cc. of 1 per 
cent aqueous sodium bisulfite placed in special bubblers which are cooled 
externally with ice. The reaction vessel is heated in an oil bath at 140-150° 
for 50 minutes. The contents of the receivers are transferred Quantita- 


Taste I 
Reaction of Amino Acids with peri-Naphthindan-2,3,4-trione Hydrate 
1 ec. of 0.01 N I. corresponds to 0.445 mg. of alanine, 0.655 mg. of leucine or iso- 
leucine, 0.585 mg. of valine, 0.525 mg. of serine, 0.665 mg. of aspartic acid, and 0.755 
mg. of phenylaminoacetic acid. 


Amino acid Amount pli OOLN Ty Recovery 

me. per cent 

Alanine 3 2.5 6.6 07.9 
3 4.7 6.6 | 97.9 

2.5 0.0 0.0 

Leucine 3 2.5 4.5 .2 
3 4.7 1.5 O82 

0 2.3 0.0 0.0 

Isoleucine 3 2.5 4.5 98.2 
3 4.7 4.5 98.2 

0) 2.3 0.0 0.0 

Valine §.2 2.5 00.0 
5.2 4.7 8.7 97.8 

0 2.5 0.0 0.0 

Serine 3 2.5 5.5 “5.2 
3 4.7 55 

0 2.5 0.0 0.0 

Aspartic acid 3 2.5 +.4 07.5 
3 1.7 4.4 97.5 

2.5 0.0 0.0 

Phenvlaminoacetic acid 4 2.5 5.1 96.2 
4 1.7 5.1 06.2 

2.5 0.0 0.0 


- 


tively to an Erlenmeyer flask and the excess of sodium bisulfite is removed 
with 0.01 N iodine, and then the slight excess of iodine is destroyed with a 
minimal quantity of O.O1 N sodium bisulfite, freshly prepared starch solution 
being used as an internal indicator. The bound sodium bisulfite is liberated 
by the addition of 20 cc. of a saturated solution of sodium bicarbonate. 
The free sodium bisulfite is then titrated by means of 0.01 ~ iodine. The 
data in Table I give the results obtained with several amino acids. 
Estimation of a- Amino Acids in Blood 1 ec. of blood provides sufficient 


| 
u 
fi 
d 
| 5 
W 
| 
Ww 
th 
Vi 
| 
| pe 
| ti 
le 
t} 


R. MOUBASHER 191 


material for analysis. It is pipetted into a round bottom centrifuge tube 
and 5 ce. of 1 per cent picric acid solution are added. The mixture is 
shaken vigorously and complete precipitation of the protein is effected in a 
few seconds. Filtration is carried out by means of a sintered glass micro 
filter and the precipitate is washed several times with a very small amount 
of water. The filtrate (about 20 cc.) is placed in the reaction vessel, and 15 
cc. of distilled water are added with 20 mg. of the powdered peri-naphthin- 
dan-2 ,3,4-trione hydrate; a continual current of carbon dioxide is allowed 
to pass through the apparatus during heating. The distillate is trapped in 
5 cc. of 0.5 per cent aqueous sodium bisulfite in the receiver which is cooled 
with ice. The reaction vessel is heated in an oil bath at 140—150° for 30 
minutes. The contents of the receiver are transferred quantitatively and 
the bound sodium bisulfite is liberated and titrated as in the case of the 
solutions of amino acids. The results are presented in Table IT. 


Il 


Determination of Amino Acids in Blood 


Amount of blood 0.01 N Is Amino acid nitrogen 
ce ce. me. per cent 
] 0.8 5.6 
l 0.74 5.18 
1.5 1.14 7.98 
1.5 .2 8.4 
1 + 1 mg. alanine 2.8 19.6 


Estimation of a-Amino Acids in Urine— If the analysis cannot be started 
within an hour or two after the urine is collected, it is saturated with 
thymol and stored in a refrigerator. 2 ce. of urine are placed in the reaction 
vessel as deseribed previously with 1 drop of 0.04 per cent bromocresol 
green, and 5 N sulfuric acid is added until the solution is Just yellow (ap- 
proximately pif 3); then 100 mg. of citrate buffer of pH 2.5 and 100 mg. of 
powdered peri-naphthindan-2,3,4-trione hydrate are added and the mix- 
ture is heated in an oil bath at 150° for 20 minutes. The distillate is col- 
lected and the amount of the bound sodium bisulfite is estimated as men- 
tioned above. The results obtained are summarized in Table III. 

Action of peri-Naphthindan-2 ,3 ,4-ltrione Hydrate on Aspartic -For 
this experiment the apparatus described in Fig. 1 is modified so as to replace 
the bubblers with an Erlenmeyer flask which contains an alcoholic solution 
of 2,4-dinitrophenylhydrazine.  peri-Naphthindan-2,3,4-trione hydrate 
(0.5 gm.), aspartic acid (0.29 gm.), and 100 ec. of water are placed in the 
Claisen flask fitted with the condenser; a continual current of carbon dioxide 
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is allowed to pass through the apparatus and the receiver which contains 
0.3 gm. of 2,4-dinitrophenylhydrazine in alcohol (20 cc.). The mixture jn 
the flask is boiled for about 20 minutes, after which orange-yellow needles 
are obtained in the receiver; the determination of the melting point (167°) 
and the mixed melting point proved the compound to be acetaldehyde- 
2 ,4-dinitrophenylhydrazone. 


CsH,O.N,. Calculated. C 42.9, H 3.5, N 25.0 
Found. ‘© 43.2, ** 3.5, “* 24.9 


Regeneration of pert-Naphthindan-2,3,4-trione Hydrate (1)— The reaction 
product obtained by the action of the amino acid on pert-naphthindan-2,3,- 
4-trione hydrate, which consists of dihydroxyperinaphthindene (II"), is 
filtered off and washed with hot water and then treated with dilute bromine 
water with shaking. The intense red color disappears, with the formation 
of an almost colorless substance. The whole mixture is concentrated and 


Taste III 
Determination of Amino Acids in Urine 
Amount of urine 0.01 N I: Amino acid nitrogen 

l 6.0 0.042 

l 5.8 0.040 

1.5 8.6 0.0602 

1.5 8.6 0602 

1 + 


+ ] mg. alanine 8.0 0.056 


left to cool, whereupon peri-naphthindan-2 ,3 ,4-trione hydrate separates 
as a yellowish crystalline precipitate, as shown by determinations of melting 
point, mixed melting point, and color test with sodium hydroxide solution, 


SUMMARY 


1. pert-Naphthindan-2 ,3 ,4-trione hydrate can be used for the determina- 
tion of a-amino acids, as they are decomposed by this reagent quantitatively 
to the next lower corresponding aldehyde, under the same experimental 
conditions as with ninhydrin. ‘The new reagent has the advantage of being 
less expensive and can be regenerated almost quantitatively. 

2. a-Amino acids can be estimated in blood and urine with the same re- 
agent under conditions similar to those used in solutions of amino acids. 

3. Aspartic acid is decomposed by peri-naphthindan-2 ,3,4-trione hy- 
drate to give acetaldehyde, which was identified by means of its 2 ,4-d-n- 
trophenylhydrazone derivative. 
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THE INHIBITION BY STREPTOMYCIN OF ADAPTIVE ENZYME 
FORMATION IN MYCOBACTERIA* 


By ROBERT J. FITZGERALD, FREDERICK BERNHEIM, ann DOROTHEA 
B. FITZGERALD 


(From the Department of Physiology and Pharmacology, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, April 19, 1948) 


A number of .Wycobacteria oxidize benzoic acid and some can use it as the 
sole source of carbon (1). Upon addition of benzoic acid to suspensions 
of washed organisms in the Warburg vessel its oxidation proceeds slowly 
for 30 to 60 minutes, then very rapidly until about half the amount of 
oxygen for complete combustion is taken up. The rate then parallels 
that of the autorespiration. It was thought that this latent period was 
due to the slow penetration of benzoic acid into the cell. Cells grown with 
benzoic acid in the medium show, however, a much shorter latent period, 
and Stanier (2) has presented evidence that benzoic acid and related com- 
pounds are oxidized by Pseudomonas fluorescens after a similar latent period 
which he attributes to the formation in the non-proliferating cell suspension 
of the appropriate adaptive enzymes. We have previously shown (1) 
that streptomycin inhibits the oxidation of benzoic acid by Al ycobacteria. 
This effect might be the result of the inhibition of the benzoie acid oxidase 
or the inhibition of the formation of the enzyme by the drug. Evidence 
indicates (3) that the latter explanation is correct. The following contains 
further quantitative data on the formation of an adaptive enzyme and the 
effect of streptomycin on this process. 


EXPERIMENTAL 


Most of the experiments were done with two organisms, .Mycobacterium 
tuberculosis, BCG strain (American Type Culture Collection 8240), and 
Mycobacterium lacticola (obtained originally from Dr. Van Niel’s collec- 
tion). The BCG strain was grown 72 hours in Long’s synthetic medium, 
ground and washed with distilled water, and finally suspended in 0.05 
Mm sodium-potassium phosphate buffer, pH 6.7, so that 1.0 ce. contained 
0.1 ec. of the packed bacteria. Each Warburg vessel contained 0.5 cc. of 
this bacterial suspension in a final volume of 2.0 ce. A ycobacterium lacticola 
was grown for 48 hours in the synthetic medium of Kohn and Harris (4) 
and the inoculum prepared in like manner. 


* Aided by a grant from the Duke University Research Council. 
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The first experiments were done with Mycobacterium lacticola which is 
the only one of several ./ycobacteria tested which will oxidize p- and m- 
hydroxybenzoic acids as well as benzoic acid itself. ‘The effect of strepto- 
mycin was tested on the oxidation of p-hydroxybenzoic acid by the nor- 
mal bacteria and by those grown in a medium containing 40 mg. per cent 
of p-hydroxybenzoate. Fig. 1 shows that increasing concentrations of 
streptomycin cause greater inhibitions of the oxidation of p-hydroxybenzoie 


- 


NORMAL GROWN INSOMG% 
p-HYDROXY- BENZOIC ACID 


400 


CMM UPTAKE 


CONTROL 


HOURS 


Fic. 1. Vhe effect of streptomycin on the oxidation of p-hydroxybenzoic acid by 
Mycobacterium lacticola grown in a normal medium and in the presence of 40 mg. per 
cent of p-hydroxybenzoie acid. pli 6.7; temperature 37°. The control oxygen up- 
takes have been subtracted in each case. 


acid by the normal cells but have comparatively little effeet on cells in 
which the adaptive enzyme has already been formed. 

With this species of \Wycobacteria it is possible to test the specificity 
of the adaptive enzyme production; in other words, the effect that growth 
in benzo acid will have on the subsequent oxidation of p-hyvdroxybenzoic 
acid and vice versa. Table | shows that growth in benzoic acid increases 
to a smail extent the amount of adaptive enzyme tor p-hydroxybenzoic 
acid and that growth in p-hydroxybenzeic acid has a somewhat greater 
effect on the amount of adaptive enzyme for benzoic acid and that m 
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hibition of this reaction by streptomycin is correspondingly less. It is 
also quite clear that the two acids are oxidized by separate enzymes. Simi- 
lar experiments can be done with m-hydroxybenzoie acid, indicating that it 
also is oxidized by a specific enzyme. 

The next question of interest was to determine the amount. of benzoic 
acid required by the cell suspension to produce a measurable amount of 
adaptive enzyme and the time of exposure necessary for the effect to occur. 
For these experiments \Jycobactertum tuberculosis BCG was used, since it 
is much more sensitive to streptomycin than Mycobacterium lacticola, 
Suspensions were incubated in the Warburg vessel at 37° for various periods 


TABLe I 


Effect of Growing Mycobacterium lacticola with and without Benzoate or p-Hydrory- 
henzoate on Subsequent Rate of Oxidation of 1.0 Mg. of Each and Effect of 
Streptomycin Thereon 

The control uptakes have been subtracted. N. = normal cells; B. = cells grown 
48 hours in 40 mg. per cent of benzoate; P. = cells grown 48 hours in 40 mg. per cent 
of p-hydroxybenzoate. The figures represent c.mm. of oxygen uptake. pli 6.7; 
temperature 37°. 


rime, Time, Ben- Inhi- | Ben- | Inhi- 
Ben- Ben- — Ben- | bition | Ben. | | bition 
zoate zoate benzoate benzoate zoate zoate 
mycin | mycin | 
per cent | “per 
030 -6 9 0 4 030 —10 -20 
1 00 276 S5 100 —10 —14 —8& 
1 30 59 427 186 224 1 30 13 —13 52 15 | 
200 139 554 338 399 200 67 0 48| 75 
2 30 22)) 563 454 5OS 2 30 132 12 9] 306 S414 73 
3 00 358 577 553 579 3 00 330 50 85 520 182 65 
4 00 S4 


489s SI 539-264 51 


with 5.0 to 10.0 y of sodium benzoate and then 1.0 mg. of sodium benzoate 
with or without 10 to 20 y of streptomycin was added from the side arms. 
Table IL shows that 15 minutes incubation with 5 y of benzoate are sufficient 
for the formation of a demonstrable amount of adaptive enzyme, as shown 
by the shorter latent period before oxidation occurs and the decreased 
inhibition by streptomycin. The effect of 10 y of benzoate is correspond- 
ingly greater, but 20 y are little better than 10 y, presumably because time 
rather than concentration has become the limiting factor. 

In order to eliminate the time factor, various concentration; of benzoate 
were incubated with the cell suspensions for 60 minutes prior to the addi- 
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tion of the 1.0 mg. of sodium benzoate. Preincubation with 100 y of 
benzoate for this length of time evokes almost the maximum amount of 
adaptive enzymes shown in Table IIT by the small inhibition by strepto- 
mycin. This value is not absolute but varies with the number of bacteria 
and the concentration of streptomycin relative to this number. 

Tables I] and III show that maximum inhibition by streptomycin does 
not occur immediately. This latent period is probably the result of the 
relatively slow penetration of the drug into the cell because when strepto- 
mycin is added 90 minutes before the benzoate maximum inhibition occurs 


TaBLe II 
Effect of Preincubation with 6.0 and 10.0 y of Sodium Benzoate with Suspensions of 
Mycobacterium tuberculosis BCG for 15 Minutes on Subsequent Oxidation of 1.0 
Mg. of Sodium Benzoate and Effect of 20 y of Streptomycin Thereon 
The control uptakes have been subtracted. The figures, of Os, represent 
the oxidation of the 1.0 mg. of benzoate. pH 6.7; temperature 37°. 


Time, 
mycin | mycin | mycin 
| per cent | cent per cent 
0 15 4 9 0 0 
0 30 24 0 25 | 0 
23 | 853 41 23 59 54 8 
100; Ss | 31 97 79 19 
61 205 52 229 134 41 
 £a Sime 72 279 119 57 305 161 7 
2 00 275 | G64 77 356 132 63 392 Is] 4 
215 260 | 70 S] 436 149 66 452 208 54 
2 30 BE Re 82 | 486 164 66 480 228 53 
3 30 


465 92 203 62 506-287 44 


| 


immediately. Vhus the drug inhibits the formation of the benzoic acid 
oxidase as well as other enzymes involved in the degradation of the benzoie 
acid molecule. 

Another approach to the problem can be obtained by the use of prepara- 
tions of sonically ruptured cells. A Raytheon oscillator with a frequency 
of 9000 cycles per second and an average output of 60 watts was used. 
Cultures of Mycobacterium lacticola grown in normal media and in m- 
hydroxybenzoic acid as the sole carbon source were washed by centrifuga- 
tion and placed in the oscillator for 20 minutes. In this length of time 90 
per cent of the bacteria was killed as indicated by plate counts and some 
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of the enzymatic activity had been lost. Increasing the time of shaking 
further reduced the enzymatic activity. Table IV shows that this treat- 
ment greatly reduces the oxidation of m-hydroxybenzoic acid by the normal 


TaBLe III 
Effect of Preincubation of Various Amounts of Sodium Benzoate for 60 minutes on 
Subsequent Oxidation of 1.0 mg. of Sodium Benzoate by Mycobacterium tuberculosis 
BCG and Effect of 20 y of Streptomycin Thereon 
The control uptakes have been subtracted. The figures represent ¢.mm. of oxy- 
gen uptake. pli 6.7; temperature 37°. 


Preincubation with | Preincubation with 1007 


Control benzoate enzoate 
Benzoate Benzoate _Benzoate Tahibi 
mycin mycin mycin 
| per cent per cent | per ceni 
025 9 10 0 3 | 34 
0 45 24 17 29 60 | 71 4 
1 20 75 40 AY 189 135 23 | 182 161 12 
140 £129 262 178 32, | 261 213 18 
200 ‘188 70 63 
220; 21 | 6 407 259 37 | 411 | 310 24 
2 40 320 99 69 473 295 38 460 307 22 
3 10 432 119 72 502 dot 30 | 474 429 10 


TABLE IV 


Oxidation of 1.0 Mg. of Sodium m-Hydroxrybenzoate by Mycobacterium lacticola Grown 
in Normal Medium and with m-Hydroxrybenzoate As Sole Carbon Source 

The cells were subjected to sonic treatment for 20 minutes. The control uptakes 

which were very small have been subtracted. The figures represent c.mm. of oxygen 

uptake. pli 6.7; temperature 37°. 


oo Grown in m-hydroxybenzoate as sole 


C source 
Time, hrs., min. a: 
m-~Hydroxybenzoate m-Hydroxy benzoate 
m-Hydroxy benzoate + 0.2 mg. m-Hydroxy benzoate 0.2 mg. 
streptomycin | streptomycin 
0 30 0) () 20 17 
0) {) 4? 38 
2 00 2 0 89 70 
3 00 4 0) 126 106 


cells. The cells grown in m-hydroxybenzoate are still able to oxidize it, 
although more slowly than the equivalent amount of living cells. A sufh- 
cient number of living cells are, however, present in both cultures so that 
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adaptive enzyme formation is indicated by the rate of oxidation increasing 
with time. Before this occurs to a significant extent, the oxidation is not 
inhibited by streptomyem. Thus the effects obtained with the living 
adapted cells are not the result of changes in permeability to the drug. 
DISCUSSION 

Cohen (5) has shown that streptomycin combines with nucleic acids. 
It seems probable that this is part of the mechanism by which the drug 
inhibits the formation of adaptive enzymes since nucleoproteins apparently 
are concerned in enzyme formation. Whether this effect of streptomyein 
ean also explain the inhibition of growth depends on how important the 
formation of adaptive enzymes is to the normal functioning of the cell, 
We have thus far been unable to demonstrate adaptive enzyme formation in 
virulent Afycobacteria which are sensitive to streptomycin. It is probable 
therefore that the inhibition of adaptive enzyme formation is only one 
aspect of the mechanism of streptomycin action. 


SUMMARY 


1. Benzoie acid is oxidized in certain Mycobacteria by an adaptive 
enzyme, the formation of which is inhibited by streptomycin. 

2. Some of the factors affecting the adaptive enzyme formation are 
described. 
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THE EFFECT OF SUCCINATE ON RESPIRATION AND CERTAIN 
METABOLIC PROCESSES OF MAMMALIAN TISSUES AT LOW 
OXYGEN TENSIONS IN VITRO* 

By ROBERT F. FURCHGOTT ann EPHRAIM SHORR 


(From the Department of Medicine, Cornell University Medical College, and The New 
York Hospital, New York) 


(Received for publication, February 19, 1948) 


The striking enhancement by succinate of the Os consumption of excised 
tissues suggested the possibility that this substrate might serve to maintain 
more normal oxidative rates in tissues exposed to the reduced oxygen ten- 
sions prevailing in circulatory shock. As part of a coordinated research 

_ program on the therapy of shock under the auspices of the Committee on 
Medical Research of the Office of Scientific Research and Development, this 
possibility was explored in a number of laboratories. Studies in this 
laboratory were carried out on excised tissues in order to avoid the diffi- 
culties of interpretation inherent in experiments on whole animals and to 
permit a more specific analysis of the respiratory and metabolic effects of 


succinate. 
The experiments were designed with two purposes in mind. The first 
was to ascertain the effect of succinate on the respiration of a variety of 


mammalian tissues viiro under the low tensions characteristic of 
circulatory shock. The second was to determine the influence of suecinate 
on specilic essential metabolic processes, particularly those which require 
oxidative energy for their maintenance. The following tissues and meta- 
bolic processes were investigated: brain (acetylcholine synthesis), liver 
(urea synthesis), kidney (deamination), cardiac muscle and smooth muscle 
(“high energy’? phosphate resynthesis), and skeletal muscle. 

With all of these tissues succinate in substrate concentration’ markedly 
increased the Os consumption at low as well as at high O» tensions. How 
ever, ia no instance was the energy resulting from the extra oxygen con- 


* The work deseribed in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientifie Research and 
Development and Cornell University Medical College. 

hSuccinate was used in these studies im concentrations which are considerably 
greater than those used in experiments with tissue homogenates and extracts, in 
Which succinate is added as a eatalvst to aid in oxidation of other substrates. When 
succinate was added in “‘catalytic’’ concentrations (about one-tenth or less of the 
order of concentrations used here) to the tissue preparations under investigation, no 
catalytic efleets on respiration could be elicited except in occasional experiments 
with kidne \ slices 
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sumption capable of increasing the rates of the various metabolic processes 
studied. Moreover, succinate competed successfully with the normal sub- 
strates of the tissues for the decreased amounts of O: available at low O, 
tensions, thus further reducing the rates of oxidation of those substrates, 
As a consequence, the amount of useful oxidative energy available for the 
metabolie processes studied was actually reduced under the influence of 
succinate, despite the over-all increase in O, consumption. These in vitro 
results provide no support for the concept that succinate might overcome 
the metabolic derangements in anoxic tissues during circulatory shock. 


EXPERIMENTAL 


General Methods—The tissues were obtained from dogs under sodium 
pentobarbital anesthesia, from cats under ether anesthesia, and from rab- 
bits and rats after stunning. Cardiac muscle, liver, and kidney cortex 
were prepared as thin slices. Skeletal muscle fibers were teased from the 
scalenus anticus muscle of the dog by the technique of Shorr (1), and sheets 
of smooth muscle were stripped from dog small intestine. Suspensions 
of cat brain cortex and whole rat brain were made by chopping the tissue 
into fine particles with a razor blade. Two incubation media were em- 
ployed: Ringer-phosphate solution (7/75 PO,, pH 7.35) with the conven- 
tional Barcroft-Warburg manometric system, and Krebs-bicarbonate solu- 
tion (2) with Summerson differential manometers (3). 

Succinate was added as the hexahydrated disodium salt and the concen- 
tration expressed in mg. per cent of succinic acid (44 mg. per cent of succinic 
acid being equivalent to 100 mg. per cent of hydrated salt). Gas mixtures 
containing various concentrations of O. and Ne were obtained from the 
Ohio Chemical Company or prepared in our laboratory by means of a capil- 
lary flowmeter. ‘The gas phase contained 5 per cent CO. whenever Krebs- 
bicarbonate solution was used. All incubations were carried out at 37.5°. 
Respiratory values and other metabolic data are given on the basis of wet 
weight. The respiratory data represent averages usually of triplicate, 
occasionally of duplicate or quadruplicate, determinations. 

Effect of Low O. Tensions and Sodium Succinate on Og Consumption in 
Vitro—The effect of low O, tensions on oxygen consumption (QO) of va- 
rious mammalian tissues and the influence of succinate on QOs» of various 
oxygen tensions are shown in representative experiments assembled in 
Table I. Ringer-phosphate solution containing 100 or 200 mg. per cent of 
glucose wus used throughout. Prior to incubation, the brain suspensions 
were washed in oxygenated Ringer’s solution for 5 minutes. The other 
tissues were given a preliminary Washing of from 10 to 20 minutes. 

For all the tissues except brain the QO» in 20 per cent Os, in the absence 
of succinate, was 25 to 55 per cent lower than in 100 per cent Ov. In the 
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ease of brain, the QO» in 20 per cent O» was not significantly lower than in 
100 per cent O., probably because of the small particle size of the brain 
suspension. Addition of succinate, whether at high or low Os. tensions, 
invariably increased the QO... It is of particular interest that the QO. at 
certain reduced O, tensions could be raised by the addition of suecinate to or 
above the control QO» in 100 per cent Ov. Where this has occurred in the 
experiments in ‘Table I, it is indicated by figures m bold-faced type. 

A more detailed analysis of the effects of succinate on O2 consumption 
and COs production is presented in ‘Table II. In this typical experiment 
the respiratory exchange of cat brain cortex under the influence of succinate 
was measured over the course of a 2 hour incubation in 100 per cent Or. 


TABLE | 
Effect of Low Oxygen Tensions and Sodium Succinate on Oxygen Consumption in Vitro 
Incubation for 1 hour at 37.5° in Ringer- w/75 PO, plus 100 or 200 mg. per cent of 
£.} 


glucose. 
| OO>+ (wet weight) 
in gas Succinic acid | 
phase inmedium | Cat brain cacti si Nein Dog skeletal | Rabbit kidney 
per cent mc. per cent 
100 | 0 0.62 0.82 0.53 0.38 2.42 
44 0.81 1.07 0.60 
60 0 0.72 | 2.07 
44 0.96 | 8.36 
20 0 0.61 0.46 0.25 0.2% | 1.13 
44 0.74 0.70 0.53 0.44 1.63 
RS 0.86 0.73 1.73 
132 1.03 0.54 1.88 
10 0) 0.50 
44 0.65 


Succinate caused an over-all increase in QO, consumption of 19 per cent; 
however, there was at the same time a 12 per cent decrease in COs produc- 
tion. Moreover, the stimulation of the rate of Os consumption in the 
presence of succinate was of a transitory character, persisting only for 
about 90 minutes, and the total extra O. consumption was even less than 
the theoretical amount needed to oxidize all of the succinate present to 
fumarate. 

Table I1L summarizes the results of experiments similar to the experiment 
presented in detail in Table II. With brain, liver, heart, and skeletal 
muscle, it was consistently observed that (1) the stimulation of O. consump- 
tion by succinate at high O, tension was of a transitory nature, disappearing 
after 60 to 105 minutes of incubation; that (2) the total extra O. consumption 
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TABLE II 


Effect of Succinate on O2 Consumption and CO, Production of Suspension of Cat 
Brain Cortez 

Incubation at 37.5° and 100 per cent O; tension in Ringer- m/75 PO, plus 100 mg. 

per cent of glucose; calculations based on wet weight of tissue; 350 mg. of tissue in 

3 cc. of medium per vessel. 


— 


No succinic acid | 44mg. per cent of succinic acid* 
consumed produced consumed consumption produced 
min. c.mm. perme. C.mm. perms. C.mm. per meg. perme. C.mm. per me. ¢C.mm. per mg. 
; 15 0.105 0.105 0.165 | 0.165 
30 0.230 0.125 | 0.330 | 0.155 
| 45 0.350 0.120 0.475 | 0.155 
60 0.465 0.115 | U.615 0.140 
75 0.585 0.120 0.745 0.130 
i 90 0.695 0.110 0.870 0.125 
105 0.810 0.115 0.990 0.120 
| 120 0.925 0.115 0.950 1.10 0.110 0.840 


* Oxidation of all succinate present to fumarate would have required 0.36 ¢.mm, 
of O, per mg. of tissue. 
Effect of Succinate on O, Consumption and CO, Production at High O2 Tension 
Incubations in Ringer-m,/75 PO, at 37.5° with and without succinate. 100 per 
cent QO. in Experiments to 10; 60 per cent Experiment 11; 3 ee. of medium per 
vessel; succinate concentration equivalent to 44 mg. per cent of succinic acid; 100 


Duration ot 


Wet ots increased 
Experiment weight o of consump- 
No. tissue per incubation tion 3031 ACO:t 
vessel with 
succinate 
me. min min c.mm. comm 
Brain cortex (dog) 350 +57 
2 Whole brain (rat) 250 a0 60 +08 —2 
3 Liver (rat) 2500) a0 75 +57 —~10 
Heart (dog) 200) 120 105 
f Skeletal muscle (dog) 330 120 105 +107 
7 Kidney cortex (dog) 150 H0 4-141 
rabbit) 20) > 60 +214 
y 150 75 >75 164 
10 (dog) 100 60 > C0 L63 +33 
il 100 > 60 +96 +14 
***Extra’’ O, consumption in presence of succinate 25 ec.mm. of QO, required to 


oxidize all succinate present to fumarate. 
+ Change in CQ, production in presence of succinate 
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mg. per cent of glucose in medium, except in Experiments 3, 4, and 8 
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was less than would have been required to oxidize all the succinate present 
to fumarate; and that (3) the CO, production, in those experiments in 
whieh it was determined, never increased in the presence of succinate and 
usually was moderately depressed. With kidney cortex, on the other hand, 
the stimulation of O2. consumption by succinate was well sustained through- 
out the periods of incubation, and, in those experiments in which the amount 
of tissue per vessel was sufficiently large, a greater extra O, consumption 
occurred than could be accounted for by the one-step oxidation of succinate 
(Experiments 7, 8, and 9, Table III). Moreover, with kidney under high 
QO, tension, succinate produced an increase in COs production (Experiments 
10 and 11). 


Tasie IV 
Effect of Succinate at Low O. Tensions on O; Consumption and CO, Production 


Incubations for 1 hour at 37.5°. Ringer- m/75 phosphate in Experiments 1 to 4; 
Krebs-bicarbonate in Experiment 5. 


Oz in | Succinic acid | (wet | (wet 


— | Tissue gasphase | inmedium — weight) | weight) 
per cent | mg. percent — 

| Liver (rat) 20 
20 SS 0.85 0.20 

2 rain ** 10 0 0.70 0.66 
10 SS 0.84 0.57 

3 Smooth muscle (dog) 20 0 0.16 0.18 
20 SS 0.35 0.11 

4 Kidney cortex “ 20 0 0.88 0.66 
20 SS 1.13 0.41 

5 Heart (dog) 23 | 0) 0.25 0.18 
23 SS 0.77 0.10 


Competition between Succinate and Normal Substrates at Reduced O, 
Tensions—At reduced O, tensions the increased QO, induced by succinate 
was consistently accompanied by a decreased QCO:. ‘This effect is shown 
in Table IV, as well as in Tables VII, IX, and X. In the experiments in 
Table IV the decreases in QCOs were 31, 14, 39, 38, and 44 per cent re- 
spectively for liver, brain, smooth muscle, kidney, and heart. This effect 
is believed to result. from the competition between succinate and normal 
substrates for the reduced amounts of O» in the tissues at low O: tensions. 
If the succinate is oxidized for the most part only as far as fumarate and 
competitively reduces the availability of O, for the oxidation of normal! 
substrates which give rise to CO», a decrease in CO, production would occur. 

Aithough the exira consumption at low tensions indicates that 
more energy is being released in the presence of succinate than in its ab- 
sence, the question arises as to whether this extra energy is utilizable for 
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energy-requiring metabolic processes. ‘The experiments to be described 
were designed to answer this question. 

Acetylcholine Formation in Brain—F¥resh rat brain, after being placed in 
Warburg vessels with Ringer-phosphate solution containing 100 mg. per 
cent of glucose, was equilibrated for 15 minutes im the Warburg bath. 
serine sulfate (1:4000) was then added from the side sacs and the control 
vessels immediately removed for analysis. Respiration was allowed to 
continue for 1 or 2 hours in the incubation vessels. extraction of acetyl- 
choline from the tissue and medium was carried out by the method of 
Nachmansohn and Machado (4). The method of assay was that of Chang 
and Gaddum (5), in which contraction of frog rectus abdominis is used. 


TABLE V 


Effect of Low O, Tension and Added Succinate on Os Consumption and Acetylcholine 
Production of Rat Brain . 


Incubation at 37.5° in Ringer- wm /75 PO, plus 100 mg. per cent of glucose. 


Experiment No. jbtubation Or imgas phase (wet weight) 

hrs. per cent me. percent > per gm. 
1 | 2 100 1.00 6.4 
| 0.67 5.2 
| 5 132 0.82 4.8 
2 l 100 1.17 4.4 
| 0.77 2.0 
| 5 132 0.89 29 
3 | 100 0.82 1.0 
0.60 2.0 
5 176 0.86 1.4 
4 100 1.24 
4 
3.0 


The results of four experiments are given in Table V. In order to obtain 
the desired amount of reduction in QO» of minced rat brain, it was necessary 
to reduce the O, tension to 5 per cent. A decrease in acetylcholine pro- 
duction always accompanied the decrease in QO, at this low tension. Al- 
though succinate increased QO. at the low O» tension by 15 to 27 per cent, 
it failed to increase, and actually depressed acetylcholine svnthesis by 8 to 
32 per cent. These results are in agreement with those of Mann ¢f al. 
(6) as to the ineffectiveness of succinate oxidation as a source of energy for 
the synthesis of acetylcholine by brain tissue tn vitro at higher O. tensions. 

Urea Formation in Liver—Urea production in rat and dog liver slices was 
investigated by the method of Krebs and Henseleit (2). The incubations 
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were carried out in Summerson differential manometers (3) after a 15 
minute equilibration period. ‘The gas phase consisted of 5 per cent CO, 
and various percentages of QO, and Ne. Measurements were made of O2 
consumption, CO, production, and acid and urea formation. Urea was 
determined manometrically (2) in the same differential manometers in 
which respiration was measured. The values in Tables VI and VII give 
the amounts of urea formed during the period of incubation following the 
initial equilibration. 

The experiments in Table VI show a marked decrease in urea production 
to accompany the decrease in Oo consumption at low OQ, tensions. In Ex- 


TasLe VI 

Effect of Low O, Tension on Oy Consumption and Urea Synthesis of Liver Slices 
Incubation at 37.5° for 1 hour in Krebs-bicarbonate solution containing 75 mg. 
per cent of NH,C1; 100 mg. per cent of glucose in Experiments 4 to 9. Gas phase, 
O., Ne, and 5 per cent CO,. Experiment 1 with dog liver, remainder with rat liver, 


95 per cent O2 47 per cent O2 | 20 to 23 per cent O3* 
No. OO» Urea 00: Urea OO: | Urea 
(wet weight) synthesis «(wet weight) synthesis wet weight) synthesis 
me. per gm. me. per om. | me. per gm. 
per Ar. perhr per Ar. 
| 0.00 0.89 0.38 0.33 
2 1.61 0.58 0.60 0.20 
3 1.01 0.53 0.41 0.18 
4 1.70 0.94 1.38 0.41 0.63 0.09 
5 1.54 0.71 0.95 0.42 0.58 0.15 
6 1.05 0.79 0.93 0.30 | 0.47 0 
ri 1.22 0.90 0.77 0.46 0.31 0.20 
1. 5S 0.92 1.12 0.47 0.59 0.09 
4 1.20 0.93 1.13 0.34 0.68 0 


* Experiments | to 3 with 20 per cent O, and Experiments 4 to 9 with 23 per cent Oz. 


periments 1, 2, 3, and 7 the decrease in urea production was roughly pro- 
portional to the decrease in QO,. In the other experiments the percentage 
decrease in urea production at low O, tensions was much greater than the 
percentage decrease in QO». Indeed, in Experiments 6 and 9, urea syn- 
thesis was abolished in 23 per cent Os, whereas the QO, decreased only about 
50 per cent below that in 95 per cent O.. The fact that the urea synthesis 
sometimes decreased to a much greater extent than the O, consumption 
may indicate that the synthesis of urea is coupled with certain specific 
oxidations which were decreased to a greater extent than over-all O. con- 
sumption at low QO» tensions. 

Table VII shows the effect of succinate on the respiration and urea pro- 


- 
é 
4 
| 
; 
| 
3 


208 EFFECT OF SUCCINATE ON RESPIRATION 


duction of liver slices at low U, tension. It is of some interest that the rg, 
in 20 per cent O» in the absence of succinate was always significantly higher 
than in 95 per cent O,. The addition of succinate at 20 per cent O. tension 
significantly increased the QO, (66, 37, and 44 per cent). Jlowever, no 
elevation of urea synthesis oecurred, but actually a further reduction (—42. 
—45, and —55 per cent). Table VI also shows the concomitant decrease 
in COs production in the presence of suecinate. 

Deamination in Kidney —Dog kidney slices were meubated in a Ringer. 
phosphate medi contamimneg L- or bi.-phenvlalanine \ Was 
made of O. consumption and deamination, as measured by ammonia pro- 
duction, during | hour incubations in 100 and 20 per cent O., with and 
without suceinate. Total ammonia (free arameonim and amide ammonia) 


VII 
Effect of Succinale on Respiration and re Formation of 


at Low Ts 


Incubation at 37.5° in Krebs-bicarbonate solution with 75mg. per cent of NHC) 


iD de id) 


ont medium seight ht ynthesis 

AY 1) 3S ine 0.33 

2 Rat 1 6} 1.10 5s 

i4 0.3 ) 11 

) i). 32 7s 

59 yw 17 0S 


was determined on samples betore and after incubation as tollows: The 
tissue and medium from «a Warburg vessel were mixed with 10 ce. of 5 per 
cent trichloroacetic acid. Vo 5 ce. of the trichloroacetic acid filtrate was 
added 1 ec. of 10 percent HoSO), and the solution heated for LO minutes ina 
boiling water bath to hydrolyze any amides. The atamonia was then 
collected by the method of Conway and Byrne (7), and determined colori- 
metrically with Nessler’s reagent (S). 

In all three experiments in Table VITI, a significant fall in deamination 
accompanied the fall in GOs when Oy tension was reduced to 20 per cent 
Addition of succinate at the low OQ, tension increased GO, by 79, 28, and 10 


per cent in hxperiments and 3 respectively. Lhese increases were 
accompanied in Experiments | and 2 by a turther decrease (—25 per cent 
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and — 22 ner cent) in the rate of deamination; in Experment 3, in which the 
emaliest increase in QO, occurred with succinate, there was no significant 
change in the amount of deamination. The decrease in deamination with 
added succinate in the first two experiments Is probably due to a competi- 
tion for O. between the deamination enzyme systems and the succinic 
oxidase system. 

Phosphorylation in Cardiac Muscle—Phosphate transfer in slices of dog 
cardiac muscle was studied at lOO and 20 per cent O» tension by methods 
previously developed in this laboratory (9). The slices were first equili- 
brated for 20 minutes at 37.5° in a Ringer-phosphate medium. Radio- 


VIII 


Low Oryacn Tension and Succinate on Ammonia Formation o} 


Dog Kidney Slices 


Incubation at 37.5° for 1 hour in Ringer- m/75 PO, plus 0.0) «: phenylalanine 


per cent me. percent per gm. per ir 
i? 100 1. 56 205 
2U 0.77 102 
1.38 79 
23 1.70 31S 
IS4 
20) Ss 1.13 143 
3: 100 2.17 378 
20 1.15 142 
20 &S 1.26 14) 


*Ammonia N also includes ammonia converted to amide during the period of 
incubation. 

+ ._-Phenylalanine present. 

pt-Phenylalanine present. 
active phosphorus was added as morganic phosphate and the incubation 
continued for 10 minutes. The tissues were then chilled and extracellular 
inorganic phosphate was separated by the washing technique previously 
deseribed. Analyses were made of the concentrations of inorganie phos- 
phate, labile phosphate of adenyl pyrophosphate (APP), and creatine 
phosphate (CP), as well as of the radioactivity of each fraction. Respira- 
tory measurements were carried out in Warburg vessels simultaneously 
with the incubation with radioactive phosphate. 

The results of two experiments are summarized in Table LX. ‘The QO, 
of cardiac muscle was reduced by 48 and 42 per cent in these experiments 
when ©, tension was reduced from 100 to 20 per cent. Addition of 88 mg. 
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per cent of succinate at the lower tension increased the QO. above that 
found in 100 per cent O2. The stimulation of O. consumption by succinate 
Was accompanied by a significant decrease in CO. production in the experi- 
ment in which this was measured. At 20 per cent OQ. there was a consider- 
able reduction in the concentration of CP and the labile phosphate of the 
APP fraction. The addition of succinate at 20 per cent O. led to a further 
significant reduction in the concentration of both CP and APP, despite the 
marked enhancement of QO, consumption. 

The changes in concentration of CP and the labile phosphate of APP are 
indicative of a reduction in the rate of synthesis of these high energy organic 
phosphates at 20 per cent as compared with 100 per cent Os, and a still 


Taste IX 
Effect of Low Oxygen Tension and Succinate on Phosphate Concentrations 
and Radioactive Phosphate Transfer in Slices of Dog Cardiac Muscle 
Incubation at 37.5° in Ringer- « 75 PO,. Incubation with radioactive PO, for 
10 minutes. Incubation for respiratory datafor l hour. All specific activities given 
relative to the specific activity of the intracellular inorganic phosphate taken as 100. 


Latile phosphate ot 


Respiration Creatine phosphate 
adenyl pyrophosphate 
gasphase = inmedium 
wet weight) (wet weicht tion ac sierion tion activity 
Me. mc ms 
per cent per cent percent P percent P 
100 0 0.60 0.60 15.7 48.6 12.¢ 21.2 
20 0 0.36 0.30 6.4 55.6 5.9 30.2 
20 SS 0.70 0.19 2.2 45.5 4.2 32.1 
100 0 0.76 28.3 52.2 10.9 35.2 
20 0 0.44 12.6 42.6 9.0 19.6 
20 SS 1.00 3.3 83.0 7.0 23.5 


further reduction in the presence of succinate at 20 per cent O.. The 
radioactive phosphate determinations bear out this inference. In inter- 
preting the radioactivity data it is necessary to consider not only the specific 
activities but also the total activities of the phosphate fractions into which 
radioactive phosphate was introduced. For instance, in the second ex- 
periment the relative specific activities of the CP and labile phosphate of 
APP were greater with succinate than in its absence. However, the relative 
total activities (relative total activity = concentration X relative specific 
activity) of these high energy phosphates in 20 per cent O. were decidedly 
lower in the presence of succinate. On this basis of relative total activity, 
the data in Table VIII qualitatively indicate a slower rate of synthesis of 
high energy phosphates at 20 per cent than at 100 per cent Oy, and an even 
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slower rate of synthesis at 20 per cent UO», in the presence of succinate than 
in its absence. 

The values given in Table LX for the specific activity of the intracellular 
inorganic phosphate relative to those of CP and APP are probably some- 
what lower than the true values for the following reasons. After a 10 
minute incubation the specific radioactivities of CP and the labile phosphate 
of APP are lower than that of the intracellular inorganic phosphate. Dur- 
ing the washing at 2° to remove the extracellular inorganic phosphate, 
there is some hydrolysis of these organic fractions to inorganic phosphate 
(9), which serves to dilute the specific activity of the original intracellular 
inorganic phosphate. A similar situation for in vivo experiments with 
radioactive phosphate has been discussed by Kalckar ef al. (10). 


TABLE X 


Effect of Low O, Tension and Succinate on Respiration and Concentration of Creatine 
Phosphate and Adenyl Pyrophosphate of Intestinal Smooth Muscle 


Incubation at 37.5 for 1 hour in Ringer- 75 PO, plus 200 mg. per cent of glucose. 


| Labile phosphate 
Orin gas phase | | (werweixht) | A. 
per cent me. per cent | me. per cent P mg. per cent P 
100 0 0.25 0.25 | 1.92 3.38 
20 0 0.13 0.14 | 1.52 3.31 
20 SS 0.22 — 0.11 | 0.78 2.34 
100 0 0.32 2.14 6.94 
0.13 | 1.17 4.64 
20 SS 0.49 0.86 3.00 


The values for the specific activity of creatine phosphate in 20 per cent 
O, in the presence of succinate are likely to be less accurate than the other 
values in Table IX. ‘This is a consequence of the low concentration of that 
fraction and the correction for the precipitation of about 1 per cent in- 
organic phosphate along with creatine phosphate in the method used (9). 

Phosphorylation in Intestinal Smooth Muscle—The two experiments 
reported in Table X show the effect of low O, tension and succinate on the 
respiration and concentrations of the creatine phosphate and labile phos- 
phate of adenyl pyrophosphate of dog intestinal smooth muscle during a 
1 hour incubation. The reduction of O, tension from 100 to 20 per cent 
decreased O» consumption by 48 and 69 per cent in the two experiments, 
and also caused significant reductions in the concentrations of CP and labile 
phosphate of the APP. Addition of sodium succinate at the lower O2 tension 
increased O, consumption markedly. However, as in the case of cardiac 
muscle, succinate caused still further decreases in the concentrations of CP 


| 
€ 
<r 


212 EFFECT OF SUCCINATE ON RESPIRATION 


and the labile phosphate of APP of the smooth muscle. The inability of 
succinate oxidation to increase high energy phosphate resynthesis in doz 
intestinal smooth muscle is in accord with the previous report from our 
laboratory (11) that succinate does not serve as an energy-vielding sub- 
strate for the maintenance of rhythmic contractions of rabbit intestinal] 
smooth muscle. 


DISCUSSION 


The experiments reported here demonstrate that succinate ts indeed 
capable of increasing the oxygen consumption of a variety of tissues in vitro 
at low oxygen tensions. However, it is very evident that the energy pro- 
vided by the oxidation of succinate cannot be used for the maintenance of 
any of the important energy-requiring metabolic processes whic! we have 
studied (acetylcholine synthesis in brain, urea synthesis in liver, and phos- 
phorylations in cardiac muscle and intestinal smooth muscle). Indeed, 
these metabolic processes are actually decreased in the presence of succinate 
below the control values at low O. tensions. On the basis of these én vitro 
experiments it would not seem likely that succinate would exert a corrective 
influence in circulatory shock, since its oxidation would not increase, and 
might possibly decrease, the rates of energy-requiring metabolic processes 
in tissues receiving inadequate supplies of O.. The apparent usefulness 
of sodium succinate in the treatment of experimental shock in animals (12, 
13) has recently been ascribed to the akkalizing etfect of the sodium ion 
rather than to a metabolic effect of the Succinate ion, since sodium biear- 
bonate proved equally effective (14). 

In addition to the relevance of these im vitro experiments to succinate 
therapy in circulatory shock, they are also pertinent to a consideration of 
the role of succinate in intermediary metabolism. ‘The first point of interest 
is the extent to which succinate in substrate quantities is oxidized in the 
several tissues studied. In an earlier investigation Quastel and Wheatley 
(15, 16) showed by chemical analysis that the end-products of succinate 
oxidation by minced brain and skeletal muscle were fumarate and malate. 
More recently Elliott and coworkers (17, 18) concluded on the basis of 
respiratory and other data that brain slices, liver slices, and testes in vitro 
oxidized succinate for the most part only as far as fumarate, but that kidney 
cortex slices oxidized succinate in large part to CO, and H,.O. ‘The respira- 
tory data of the present study are in agreement with the results of Quastel 
and Wheatley and Elliott and coworkers. In the case of all the tissues 
investigated, except kidney, the respiratory data at high oxygen tensions 
indicate that very little, if any, of the added succinate was oxidized beyond 
fumarate. 

Another observation of interest is furnished by the regularity with which 
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stimulation of O. consumption by succinate at low QO» tensions was ac- 
companied by a depression of CO, production. This we have ascribed to a 
successful competition by suecinate for the reduced amounts of oxygen 
available for tissue oxidations at low oxygen tensions, with a resulting 
reduction in the extent to which normal substrates are oxidized. The 
evidence for this is indirect, and is based on the assumption that the same 
mixture of foodstuffs is being oxidized in the presence and absence of sue- 
einate, thus vielding the same r.q. under both circumstances. More direct 
evidence tor such a competition is provided by the observations on the 
reduced deamination of phenylalanine by kidney at low O, tensions in the 
presence of sucemate. This deamination requires Oo; hence its reduction 
suggests the reduced availability of O. in the presence of suecinate. 

Further evidence that the reduction of CO, at low tensions in the pres- 
ence of succinate is due to the reduetion in the amount of normal sub- 
strates being oxidized is furnished by the experiments in which the rates of 
various energy-requiring metabolic processes were depressed by the addi- 
tion of succinate at low QO» tensions. The validity of this evidence is 
dependent upon the assumption that the rates of energy-requiring metabolic 
processes are dependent on the rates of oxidation of normal substrates. 

lt is of particular interest that these depressions in energy-requiring 
metubolie processes occurred despite significant increases in over-all oxida- 
tive energy resulting from the addition of succinate. it is suggested that 
the portion of the oxidative energy contributed by added succinate differs 
from that turnished hy normal substrate oxidation, in that it ts either totally 
or almost completely unavailable for “useful” work. ‘The one situation 
inwhich this inference can be dealt with in semiquantitative fashion is found 
in the experiments on phosphorylation in cardiac and smooth muscle. 
These experiments may be considered in the light of the available evidence 
as to the coupling of high energy phosphate formation with the oxidation 
of succinate to fumarate. 

kxpertments with tissue extracts by Belitzer and Tsibakowa (19), Ochoa 
20), Colowick ef al. (21, 22), and Potter (23) indicate that such a coupling 
may oceur. The results of Ochoa suggest that there may be one high 
energy phosphate group formed for each molecule of succinate oxidized. 
However, from the data in Tables LX and X, it is apparent that, if such 
coupling takes place in intact cardiac and smooth muscle, the number of 
phosphorvlations per oxidation is much below the 1:1 ratio postulated. 
For example, in the first experiment with smooth muscle in Table X, the 
decrease in the O. consumption of normal substrates in the presence of 
succinate at 20 per cent O, tension can be estimated to be about 0.03 ce. 
per gm. per hour on the basis of the decrease in QCO, (assuming that no CO, 
is liberated by the succinate oxidation). At the same time, the increase in 
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O, consumption due to the oxidation of added succinate may be estimated 
to be about 0.12 cc. per gm. per hour (QO, with succinate minus QO, 
without succinate + 0.03). On the basis of a 1:1 ratio for phosphorylation 
coupled with oxidation of succinate and a 3:1 ratio of phosphorylation per 
oxygen atom used in oxidizing normal substrates (19, 24), an increase in the 
rate of phosphorylation would have been predicted. Actually, the creatine 
phosphate and adenyl pyrophosphate concentrations indicate that the rate 
of phosphorylation was markedly decreased in the presence of succinate. 

The experiments on phosphorylation in cardiac muscle with radioactive 
phosphate are also of interest with respect to the manner in which inorganie 
phosphate passes from the extracellular into the intracellular phase. Ina 
previous paper from this laboratory (9) it was reported that in cardiac musele 
slices incubated at 37.5° for 30 minutes or more with radioactive phosphate, 
the specific activities of the phosphate of creatine phosphate and of the 
terminal phosphate of adenosine triphosphate attained the same level as the 
specific activity of the intracellular inorganic phosphate. In the present in- 
vestigation, the reduction of the incubation period to 10 minutes resulted 
in decidedly higher specific activity for the intracellular inorganic phosphate 
than for creatine phosphate and the labile phosphate of adenyl pyrophos- 
phate. Apparently the incubation time was too short for the phosphoryla- 
tion cycle to bring the specific activity of the creatine phosphate and labile 
phosphate of the adenyl pyrophosphate to the specific activity level of the 
intracellular inorganic phosphate. ‘This differential in specific activities is 
further evidence against the concept that inorganic phosphate is transported 
across the cell boundary by first being incorporated into creatine phosphate 
or adenyl pyrophosphate. 


We wish to acknowledge the technical assistance ot Mathilda Fischl 
Goldsmith. 


SUMMARY 


1. Significant depressions in the rates of O, consumption of viable prep- 
arations of various mammalian tissues in vifro occurred under conditions 
of low O, tension. ‘The depressions in rates of O, consumption were ac- 
companied by corresponding depressions in the rates of a variety of meta- 
bolic processes, such as urea synthesis in liver slices, acetylcholine synthesis 
in brain suspension, deamination in kidney slices, and phosphorylation in 
cardiac muscle slices and smooth muscle strips. 

2. Anexploration was made of the possible usetulness of sodium succinate 
in overcoming these depressions in metabolic rates under conditions of 
low Oz» tension. 
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3. Succinate, in substrate quantities (44 mg. per cent or more in terms of 
succinic acid), was capable of markedly increasing the rates of O. consump- 
tion of all the tissues studied here, at reduced O, tensions as well as in 
100 per cent Op. 

4. The energy from extra oxygen consumption in the presence of suc- 
cinate, however, was found to be incapable of increasing the rates of meta- 
bolic processes depressed under conditions of low Oz, tension. Indeed, in 
the presence of an increased OQ, consumption produced by succinate, the 
rates of the metabolic processes studied were even further depressed. 

5. The respiratory data have been interpreted as indicating that in these 
experiments succinate was oxidized for the most part only to fumarate. 
At low Oy, tensions, the succinate competed with normal substrates for the 
limited concentration of O, present, and thus further depressed the rates of 
oxidation of normal substrates. As a result, the rates of metabolic proc- 
esses, dependent for energy on the oxidation of normal substrates, were 
further depressed in the presence of succinate at low Oy» tensions. 
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A SYNTHESIS OF ALLOCHOLESTEROL AND 
EPIALLOCHOLESTEROL* 


By HERBERT MeKENNIS, Jr., ann W. GAFFNEY 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, April 14, 1948) 


bv appheation of a Meerwein-Ponndort reduction, Schoenheimer and 
Evans (1, 2) obtained trom 3-A*-cholestenone «a molecular compound of 
allocholesterol and epiallocholesterol. These workers separated these 
diastereoisomers by use of digitonin and demonstrated that the ‘‘allo- 
cholesterol” of Windaus (3) was in fact a molecular compound of allo- 
cholesterol and cholesterol. Later Eck and Hollingsworth (4) showed that 
three isomeric cholestadienes, A®°-, upon treatment with 
hydrogen chloride and subsequent contact with aluminum oxide, vielded the 
allo-epiallocholesterol molecular compound. The low vields in this latter 
synthesis, however, do not at present lead to general use of this interesting 
reaction for the preparation of allocholesterol. 

Although Stoll (5) reported that allocholesterol occurs naturally and can 
he separated trom cholesterol by virtue of the insolubility in ether of a com- 
plex between pyridine and allocholesteryl p-toluenesulfonate, he was able 
to obtain only traces of the substance from bile stones, liver, brain, and egg 
volk. The results of other workers (6-8) show quite conclusively that 
ullocholesterol and epiallocholesterol can only be present in very low con- 
centration. ‘This militates against the isolation of any but small amounts 
from customary natural sources. 

Recently Nystrom and Brown (9) have reported a very elegant method 
for reducing carbonyl and other —C=O groups to the corresponding 
alcohol by means of lithium aluminum hydride (10-12). Although their 
paper (9) stated that carbon to carbon double bonds in certain unsaturated 
ketones are reduced by this reagent, it seemed to us that 3-A*-cho- 
lestenone would, when properly treated with lithium aluminum hydride, 
vield allocholesterol and epiallocholesterol. 

It was found in our study that the product from the reaction of cho- 
lestenone and lithium aluminum hydride in absolute ether is composed of 
allocholesterol and = epiallocholesterol. This mixture, which was char- 
acterized by a quantitative conversion to A*®-cholestadiene (1), was 
obtained even when the ketone was treated with lithium aluminum hydride 
in 5-fold excess over that amount calculated to effect reduction of the 


* Aided by a grant from the John and Mary R. Markle Foundation. 
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nuclear double bond. Upon treatment with digitonin the mixture afforded 
allocholesterol and epiallocholesterol in approximately equal amounts and 
would, therefore, appear to consist of equal parts of the two expected 
diastereoisomers. The yield of mixed isomers Was quantitative. Since the 
amount of mixed isomers reported for the Meerwein-Ponndorf reduction of 
the ketone is 52 per cent of the calculated amount, the present method 
appears to be superior in regard to vield as well as to convenience and 
economy of time. 


EXPERIMENTAL 


Reduction of Cholestenone with Lithium Aluminum Hydride— A solution of 
0.500 gm. of cholestenone in 40 cc. of absolute ether was dropped slowly 
(20 minutes) with agitation into an excess of lithium aluminum hydride in 
100 cc. of absolute ether. There was a slight evolution of heat, and the 
ether refluxed perceptibly into the condenser which was protected from the 
atmosphere by a soda lime tube. The excess of lithium aluminum hydride 
was decomposed by the addition of acetone, which obviated the production 
of nascent hydrogen. An additional 100 cc. of ether served to keep the 
alcoholates in suspension. The mixture was then treated with 100 ce. of 
3.N NaOH, and the ether solution was washed several times with fresh 
portions of base. After drying over anhydrous sodium sulfate, the ether 
solution was evaporated to dryness under diminished pressure at room 
temperature. The residue of mixed epimers, which weighed 0.500 gm., 
melted over a range in the vicinity of 100°. 

Cholestadiene from Reduction Product— 100 mg. of mixed epimers in 30 ce. 
of 95 per cent alcohol were filtered to remove a trace of insoluble material. 
4 drops of concentrated hydrochloric acid were added. The mixture was 
refluxed for 4 hours. It was then cooled and diluted cautiously with water 
until precipitation was completed. The product was collected after the 
mixture had remained overnight in the refrigerator.  ‘Vhe vield of colorless 
needles, m.p. 79°, was 95 mg.; [a]?? = — 104°; « = 2.00 in benzene. The 
specific rotation and melting point are in agreement with the recorded 
values (1) for For analysis" a sample recrys- 
tallized several times from ethanol. 


(368.6). Calculated. C 87.96, HL 12.04 

Found 

02.76," 1287 

1 Although the compound obtained by treating allocholesterol and epiallocholes- 

terol with dilute alcoholic HCl was originally described (1) as A ?-*-cholestadiene, the 
available evidence (1, 13, 14) indicates that the product is A **-cholestadiene. 

2Microanalyses by Dr. G. Oppenheimer, California Institute of Technology. 
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Molecular Compound of Allocholesterol and E prallocholesterol from Reduc- 
tion Product--\ sample of reduction product was recrystallized several 
times from acetone and finally from acetone-ether. ‘The colorless needles 
melted at 141°. The recorded values are 141° (1) and 140—-141° (4); [a]*4 = 
+86.3°;¢ = 1.26 in carbon tetrachloride. Ick and Hollingsworth (4) re- 
ported lal®* = +85.6°;¢ = 1.25 in carbon tetrachloride. 

Isolation of Allocholesterol— 250 mg. of mixed epimers were dissolved in 
25 cc. of absolute ethanol. To this solution was added a solution® pre- 
pared by adding 40 cc. of absolute ethanol to a slurry of 500 mg. of digitonin 
and 10 cc. of distilled water. A precipitate formed immediately. The 
mixture was allowed to stand overnight and then was filtered. The 
collected digitonide was washed with absolute ether and then extracted for 
20 hours with absolute ether. The digitonide was then allowed to dissolve 
in 15 ce. of dry pyridine. The clear pyridine solution was treated with 
100 ml. of absolute ether. The precipitated digitonin was collected by 
centrifugation, filtration being impossible, and then washed with additional 
quantities of ether. The combined mother and wash liquors from the 
digitonin were then concentrated to dryness tn vacuo at room temperature. 
The residue of allocholesterol melted at 131-132°, in agreement with re- 
corded values (1, 4); [a]? = +44°;¢ = 1.08 in benzene. The yield was 
110 mg., or 44 per cent of the weight of mixed epimers.  Recrystallization 
from alcohol-water served to lower the melting point by several degrees. 
In this connection, it is interesting to note that Schoenheimer and Evans (1) 
suggested that the compound is easily solvated and reported that it gave 
unsatisfactory analytical figures on combustion. 

Allocholesteryl Acetate—-\ sample of the allocholesterol after treatment 
with pyridine and acetic anhydride (1) vielded crystals melting at 85°, in 
agreement with the recorded value for the acetate. 

Tsolation of Epiallocholesterol The combined mother and wash liquors 
from the preparation of allocholesterol digitonide were concentrated to 
drvness under diminished pressure at 30-35° (1). The crystalline residue 
was dissolved in the ether solution obtained from the extraction of the 
digitonide. ‘The solution was filtered through a pledget of cotton to remove 
a trace of colloidal digitonin. Upon evaporation of the ether solution 
110 me. of crude epiallocholesterol, m.p. SO-82°, were obtained. The 
product at this point tends to be oily (1) unless carefully purified choleste- 
none is used in the reduction. 

from Allocholesterol and from Epiallocholesterol— 


>The presence of a few undissolved particles does not interfere with the sepa- 
ration. The procedure is essentially that of Schoenheimer and Evans (1), with some 
modification apparently made necessary by the uncertain composition of commercial 
digitonin. 
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lOO my. of epiallocholesterol (above) were treated with dilute sleoholie 
HCL aceording to the general procedure. The vield of A® *-cholestadiene. 
m.p. 79), was ‘The melting point was not depressed by admixture 
with authentic material. The allocholesterol yielded cholestadiene jn 
quantitative vield under the same conditions. 


SUMMARY 


From the reduction of cholestenone with lithium aluminum hydride in 
absolute ether there was obtained a quantitative vield of a mixture con- 


. 


taining allocholesterol epiallocholesterol approximately equal 
amounts. 


The authors are grateful to Dr. Arthur St. André and Dr. ©. R. Scholz, 
Ciba Pharmaceutical Products, Ine., for supplies of cholestenone. 
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THE DEPOSITION OF TRIENOIC FATTY ACIDS IN Till: FATS 
OF THE PIG AND THE RAT* 


By B. W. BEADLE, O. H. M. WILDER, anv IL. R. KRAY BILL 


(From the American Meat Institute Foundation, University of Chicago, Chicago) 
(Reeeived for publication, March 17, 1948) 


It has long been known that the composition of the depot fat of an animal 
mav be altered markedly by the food fat. According to Burr and Barnes 
(1), the appearance of dietary fat in milk was observed by Stohmann in 
1869 (2) and in body tat by Lebedeff in 1882 (3). Detailed studies of these 
effects were made by a number of workers, notable among whom are Ellis 
and coworkers (4-7), Jackson (8), Shorland and De la Mare (9), and Brown 
and coworkers (LO-14). Mueh of this work was done on the hog, because 
of the economic disadvantages of soft bacon and other soft pork, but a 
number of workers (10-16) pointed out that the body lipides of the pig, rat, 
and chicken are changed protoundly by the diet. Anderson and Mendel 
15) reported that rats tend to deposit fats in much the same manner as 
do fattening hogs, but Brown (13) found evidence for believing that poly- 
unsaturated tatty acids are more readily deposited by the rat than by the 
pig. Idllis and coworkers (4-7), in studies on soft pork, found that the 
amount of linoleic acid in the lard was altered markedly by the amount of 
linoleic acid in the diet. For example, pig fat laid down trom a carbohy- 
drate dict contained 1.9 per cent, while that laid down trom a soy bean diet 
contained 30.6 per cent of linoleic acid. Much the same sort of data can 
be found in the literature for various fatty acids. A notable exception is 
linolenic acid. and Isbell (4) expressed surprise at finding only 
very small amounts of linolenic acid in the fat of hogs fed soy beans and at 
the failure to find it in all samples in spite ot the fairly large amounts of 
soy beans fed. They stated that, “The linolenic acid because of its high 
degree of unsaturation was evidently either metabolized or converted to a 
more saturated acid and then deposited.”” “Che amounts found were 0.02 
P and 0.50 per cent. Hilditch and Shorland (17) found small amounts of 
linolenic acid in sheep liver fat from pasture-fed animals. Bloor has stated 
In a recent monograph (18), that linolenic acid is a marked example of 
selection in the use of fat for energy production because this acid has been 
shown to be almost completely eliminated trom the food fat before storage. 
Brown and coworkers (10-14) suggested that when the experimental diets 


* Presented before the Chicago Seetion of the American Chemical Society and 


Section C of the American Association for the Advancement of Seience at Chicago, 
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contained either arachidic or highly unsaturated Coy and Coo acids the un- 
saturated acids appeared in the depot fats of pigs and rats. 

In the present paper we shall show that three double bond tatty acids may 
be stored in pig fats in very large amounts, as much as 11.4 per cent having 
been found in the fat from certain “‘vellow fat” pigs. The feeding of 
flaxseed to rats in an amount sufficient to provide about 15 per cent linseed 
oil in the ration resulted in the deposition of trienoic acids in amounts as 
great as 28 per cent of the depot fats. 


EXPERIMENTAL 


Yellow Fat from Hogs —‘Vhree samples of lard were obtained from a com- 
mercial meat packing house in regular operation. One of these samples 
was ordinary lard rendered from mixed killing and cutting fats, and the 
other two samples were rendered from the fat of ‘‘vellow” carcasses which 
had been rejected by the authorized inspector. “Table I shows the color 
of these three samples as expressed in Lovibond units. It is evident that 


TABLE I 
Color Evaluation of Samples of Swine Fat 


Color, Lovibond units 


Sample No. Lard 
Yellow Red 
l Ordinary 5 
2 Yellow 
3 35 5.4 


while there was little difference between Samples | and 2, Sample 3 was ex- 
tremely dark yellow, with a higher proportion of red than was present in 
the control. 

The samples were analyzed tor the types of fatty acids present by the 
spectrophotometric method developed by Mitchell ef a/. (19) and by em- 
ploying the constants published by Beadle and IKraybill (20). Fig. 1 shows 
the absorption spectra of the alkali-isomerized soaps in ethanol. The ab- 
sorption in the region of 2680 A is typical of a conjugated trienoie tatty 
acid. No significant differences are noted in the region above 8200 A. 
Table [I] shows the analytical data on these samples. The todine numbers 
were obtained by the Wijs method. The iodine values of the vellow lards 
were 27 to 30 units higher, and the trienoic acid contents, calculated as 
linolenic acid, were approximately 10 times higher than those of the control 
lard. The fatty acid composition of the control was typical for lard, based 
on the analysis of several hundred samples in our laboratories. 

The yellow color in these fats could not be extracted along with the un- 
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saponifiable matter. The color was therefore not due to carotenoid pig- 
ments of the type found in grains and grasses. 

Bromination in anhydrous ethyl ether of the unsaturated acids obtained 
from the vellow lard resulted in the precipitation of polybromides which 
melted at 167-168.5°. Reerystallization from benzene vielded crystals 
with a melting point of 173.0-173.3°. The addition of about 10 per cent 


20+ 


SPECIFIC ABSORPTION COEFFICIENT o< 


5300 9500 3700 2900 3100 3300-3500 
WAVELENGTH -A 


Fig. 1. The absorption spectra of the alkali-isomerized soaps from lard (with 
ethanol as the solvent). Curve 1, control lard; Curves 2 and 3, ‘‘vellow fat’’ lard. 


Il 


S pe clrophotometric A nalysis of Sivine Fat (on Basis of Mixed Acids) 


Sample No. Lard lodine value Arachidonic Linolenic | Linoleic Oleic Saturated 
per cent per cent per cent percent | per cent 
] Ordinary 71.9 0.50 0.94 11.9 51.2 | 30.46 
2 Yellow LOL.5 11.4 16.0 43.0 28.83 
3 98 .7 1.22 9.0) 15.3 47.0 27.48 


of known hexabromostearic acid prepared trom linseed oil (m.p. 180.5—- 
180.7°) did not change the melting point except to raise it a few tenths of a 
degree. Likewise, the addition of about 10 per cent of these crystals to the 
known hexabromostearic acid did not lower the melting point of the known 
crystals more than a few tenths of a degree. 

Feeding of Flaxseed to Rats--YVwelve young male albino rats, weighing 
from 64 to 100 gm., were divided into two groups of six each at random and 
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confined wire-floored cages in a constant temperature roomy at 244°. 
ood and water were supplied ad libitum. Vhe rations which were fed to 
the respective groups are shown in Table TLL. “Phe animals were weighed 
each week. One rat in Group 2, on the flaxseed ration, died during the 2nd 
week, leaving only five in that group. One animal in each group was killed 


III 
Rations Used in Feeding of Rats 
Group 1, contro] Group 2, flaxseed 


per cent per cent 


Ground yellow corn......... | 44.7 37.2 
Soy bean oil meal... 30.0 10.5 
Dried skim milk 5.0) 5.0 
Dehydrated alfalfa meal 4.0 4.0) 
Dried brewers’ yeast. 2.0 2.0 

Vitamin A (3000) and D (400) oil 0.3 0.3 
Pulverized limestone 0.5 0.5 
lodized salt... 0.5 0.5 
Ground flaxseed... 1.0 


GROWTH CURVEOF RATS 


CONTROL 


FLAXSEED 


GRAM GAININ WT 
$8 


WEEKS ON RATIONS 


hic. 2. Weight gain data for rats. Curve 1, control group; Curve 2, group fed 
flaxseed diet. 


during the 19th week for fat analysis, and the remaining animals were 
killed during the 21st week. The average weight gains for each group of 
rats are shown by the curves in Fig. 2. The basal ration had been used 
previously as a stock ration, but was modified for the control group to in- 
clude corn oil in an amount approximately equivalent to the oil received by 
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the rats in Group 2 on the flaxseed diet. The amount of linseed oil in the 
daxseed used was 36.61 per cent, as determined by the official method 
of the Association of Official Agricultural Chemists. ‘The linseed c*! con- 
tent was thus about 14.5 per cent of the ration. The content of linolenic 
acid in the oil was 45.78 per cent as determined by the spectrophotometric 
method, and the linolenic acid content of the flaxseed ration was 6.6 per 
cent. 


“CIFIC ABSORPTION COEFFICIECENT 


SPE 
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2500 2700 2900 3100 3300 
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2300 


hia. 3. Absorption spectra of alkali-isomerized soaps from rat fat (withethanol as 
solvent). Curve 1, control rat; Curve 2, rat fed on flaxseed diet. 


At the end of the indicated feeding periods, the depot fats were obtained 
from the rats in the following manner: The rats were killed in a lethal 
chamber by the use of chloroform and the carcasses chilled in a refrigerator 
at 4° for a few hours. Immediately tollowing this chilling period, the ani- 
mals were skinned and the depot fatty tissue trimmed from the carcasses. 
The depot tissue samples were placed in a vacuum oven for 80 hours at 50° 
in order to remove excess water and then extracted in a Soxhlet extractor 
by the use of petroleum ether during a period of 16 hours. ‘The petroleum 
ether was removed under reduced pressure with some warming in a water 
bath, and the resulting fat subjected to the same analytical procedures as 
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were described for the fat from swine. Fig. 3 shows the ultraviolet absorp- 
tion spectra of the alkali-isomerized soaps in ethanol. ‘he strong similar- 
ity of these curves to those obtained from the lard samples is at once evident. 
The intense absorption exhibited at 2340 A by the fat from the control 
animal is due to the presence of a large amount of linoleic acid. ‘The region 
at 2680 A, showing the presence of trienoic acids, indicates that the flaxseed- 
fed rat deposited a great deal more of this material than did the control rat, 
Table 1V presents the analytical data obtained on the individual rats 
throughout Groups | and 2. The samples of fat obtained from the flaxseed- 
fed rats were not noticeably darker vellow than those from the controls, 


Tasie 1V 
Spectrophotometric Analysis of Rat Depot Fat (On Basis of Mired Acids) 


Diet Arachidonic! Linslenic | Linoleic Oleic | Saturated 

fer cent percent percent | per on 

Control S00 127.49 1.10 1.30 53.42 25.00 | 18.28 
SO1 124.12 0.89 1.23 52.49 25.05 | 2.34 
802 124.08 1.13 1.26 52.02 24.98"| 20.61 

803 127.76 1.4S 1.31 54.06 23,40 19.66 

a¢ S04 126.21 0.79 1.16 53.15 26.68 | 18.32 

- 805 126.44 0.82 1.13 54.03 25.00 | 18.93 
Average | 126.02 1.04 1.23 53.20 25.18 19.36 
Flaxseed-fed SOT 150.06 1.42 25.33 28.21 27 . 54 17.51 
SOS 158.00 1.22 27.59 27 30 S86 12.42 

SOO 151.53 1.57 24.73 20.49 27.89 16.32 

S10 155.29 1.28 26.42 20085 27 . 26 15.19 

S11 152.56 1.40 25.03 28 .37 28.25 16.05 

Average 153.49 1.38 26 00 28.77 28 36 15.0 


Bromination of the unsaturated fatty acids trom the flaxseed-fed rats in 
anhydrous ethyl ether resulted in the precipitation of polybromides which 
melted at 169-170°. After two recrystallizations from benzene the melting 
point was 176.0—-176.2°. The addition of 10 per cent of known hexabromo- 
stearic acids did not change the melting point, except to produce an appar- 
ent rise of 0.2°, which would be explained as a result of dilution of the 
impurities in the 176° sample. Likewise, the addition of 10 per cent of the 
crystals obtained from the rat fat to the known hexabromostearic acid did 
not change the melting point of the hexabromostearic acid. Furthermore, 
when the polybromides from the vellow lard were added to the polybro- 
mides obtained from the flaxseed-fed rats, there was no change in the melt- 
ing point. 
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DISCUSSION 


A search of the literature has not brought to light any report of hog fat 
containing more than minor amounts of linolenic acid. Brown and co- 
workers (10-14) reported about 2.7 per cent of highly unsaturated acids in 
the fat of pigs which had been fed a diet containing 14 per cent of fish oil, 
and that the iodine number of this fat was about 10 units higher than that 
of the control. They pointed out that rat fat is more easily affected by 
changes in the diet than is pig fat, for they noted much greater changes in 
the characteristics and composition in the fat of the rat on the fish oil diet. 
In experiments on the feeding of fish oils to rats, they found that an approxi- 
mate equilibrium was reached in 4 to 6 weeks, and that the stored fat con- 
tained about the same amount of highly unsaturated acids as was present 
in the diet (10). Their conclusions were broadly the same as ours regarding 
the rat, although we have found that the rat deposited about 4 times as 
much linolenic acid as was present in the diet. While both Brown and Ellis 
obtained experimental evidence that highly unsaturated fatty acids may be 
deposited in the fat of the pig, the amounts found were small, and the 
general impression seems to have remained that the animal tends to metabo- 
lize or otherwise alter the fatty acids with unsaturation greater than two 
double bonds before depositing them in the stored fat. 

Our data, based on spectrophotometric analyses as well as on bromination 
data, show that pig fat can, under certain conditions, contain up to 11.4 
per cent of trienoic acids calculated as linolenic acid. This situation occurs 
only rarely, about 51 such animals having been encountered by one large 
packer in the course of a vear. In attempting to explain the possible causes 
for this fat with the high content of polyunsaturated acids, we were 
naturally led to suspect an unusual diet, in view of the known literature 
dealing with the deposition of dietary fat. Substances in the diet re- 
sponsible for the deposition of such large amounts of trienoic acid would 
necessarily be substances containing large amounts of such components. 
Because we found no evidence of unusually large amounts of acids contain- 
ing more than three double bonds (other than the expected amounts of 
arachidonic acid), it did not seem likely that the effeet could be attributed 
to fish oils. The oils would then logically be suspected as being vegetable 
in origin. Such oils as peanut, cottonseed, and corn do not contain more 
than minor quantities of linolenic acid. Soy bean oil contains from 5 to 
about 9 per cent of linolenic acid, but this hardly seemed a likely source, 
because the amounts in the lard were greater than that in the soy bean oil 
and because Ellis reported only very small amounts of linolenic acid de- 
posited as a result of feeding soy beans. 

Of the various common oily domestic plants to which swine might have 
uecess in this country, only flaxseed is known to contain linolenic acid in 
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large quantities. ‘The feeding to rats of 14.5 per cent linseed oil in the form 
of flaxseed resulted in the deposition of amounts of trienoie acids up to 
27.59 per cent of the stored fats in the rat. 

The melting points of the polybromides trom the rat tat as well as the 
hog fat were unchanged by the addition of small proportions of known 
hexabromostearic acid from linseed oil. Likewise, the melting point of the 
known hexabromostearic acid was unchanged by the addition of small 
amounts of the polybromides. Furthermore, when the polybromides from 
the hog were mixed with the polybromides from the rat, there was no depres- 
sion of the melting point. This would seem to indicate that the bromides 
were composed chiefly of 9,10,12,13,15,16-hexabromostearic acid from 
linolenic acid, and that the relatively low melting points observed were 
probably due to the presence of impurities which were not eliminated from 
the crystals. Due to the discrepancy in melting points, however, final proof 
of structure would need to be made by other means, as we did not have 
sufficient material for an elaborate series of fractional crystallizations, 
Knight, Jordan, and Swern (21), in studies on beef tallow, obtained ether- 
insoluble bromides melting at 170-171°, with no change in the melting point 
on the addition of hexabromostearic acid prepared trom perilla oil, and 
considered this as evidence that the substances were identical. It may be 
that mutual solubility effects of the various bromides of polyunsaturated 
acids found in animal fats render the preparation of perfectly pure 
9,10,12,13,15,16-hexabromostearic acid exceedingly difficult, if indeed 
this is the major constituent of the crystals obtained. 


SUMMARY 


1. Samples of “‘yellow” hog fat have been encountered occasionally whieh 
contain unusually large amounts of trienoie fatty acids. The amounts, 
calculated as linolenic acid, were found by spectrophotometric analysis to 
be as much as 11.4 per cent of the fatty acids present. 

2. When linseed oil containing 45.78 per cent linolenic acid was ted to 
rats at a level of about 14.5 per cent of the ration by the incorporation of 
ground flaxseed, the amount of trienoic acids in the depot fat was found to 
be from 24.73 to 27.59 per cent of the fatty acids present. “This was about 
} times the amount found in the ration. 

3. It seems quite clear that animals such as the pig and the rat can de- 
posit quite large amounts of trienoic acids in the depot fat, and that the 
amount deposited probably depends simply on the amount in the chet. 
This is somewhat in contrast to the view quite generally held, that these 
animals tend to remove the major portion of acids with more than two 
double bonds or to saturate them partially before depositing them in the 


stored fat. 
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t. The evidence indicates that “vellow” fat in swine may result from the 


feeding of flaxseed, 


The authors wish to acknowledge the important technical assistance of 
Miss Helen Rezabek and Miss Marjorie Petheram in obtaining the analyti- 


eal data. 
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STUDIES ON INTERMEDIARY STEROID METABOLISM 


Il. COMPOUNDS ISOLATED FOLLOWING THE INCUBATION OF 
ANDROSTERONE AND ETIOCHOLAN-3(a@)-OL-17-ONE WITH 
SURVIVING RABBIT LIVER SLICES 


By JOUN J. SCHNEIDER anno HAROLD L. MASON 
(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 


(Received for publication, April 15, 1948) 


In the initial communication of this series (1) we described some experi- 
ments in which dehydroisoandrosterone was incubated with surviving 
rabbit liver slices in an aerobic environment. Under the conditions em- 
ployed, this steroid was converted largely to A°-androstene-3(8) , 17(@)-diol 
and in small yield to A®-androstene-3(8) , 16(8) ,17(a)-triol, which suggested 
that, while the urinary ketosteroids may be regarded as the excretion forms 
of other physiologically more active precursors, they are still susceptible to 
further metabolic change. In view of these results it appeared desirable to 
study in vitro the effeet of various tissues on other representative urinary 
ketosteroids as a means of obtaining further information relative to their 
metabolic fate. It is the purpose of this paper to describe the isolation and 
characterization of the metabolic products formed when androsterone! and 
etiocholanolone were incubated with surviving rabbit liver slices under 
aerobic conditions. This study seemed particularly indicated in view of 
the demonstrated excretion of these two substances after the adminis- 
tration of dehydroisoandrosterone to human beings (2). 


Procedure 


The incubation procedure employed in these experiments was the same 
as that already described (1). In brief, slices were prepared from well 
chilled rabbit liver and were washed with, and later suspended in, aerated 
Krebs’ phosphosaline buffer. ‘To this system, which included no other 
factors, the steroid was added as the soluble sodium salt of its hemisuccinate 
in amounts sufficient to give a steroid to tissue ratio of from 1:300 to 1:400. 
The mixture was incubated with agitation for 6 hours at 38° under aerobic 
conditions. 

The procedure used to isolate the products was substantially the same as 
that previously outlined, and different only in that the petroleum ether 
fractionation was not employed. In outline the method included, first, 
precipitation of the proteins with acid acetone, followed by removal of the 


' We wish to thank Dr. k. Oppenheimer of Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, for a generous gift of androsterone. 
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acetone under reduced pressure. “Che aqueous residue was diluted, made 
alkaline, and extracted with ethylene dichloride in order to obtain the free 
steroid fraction. Further extraction of the aqueous phase following acidifi- 
cation gave a conjugated steroid fraction. The free steroid moiety was 
separated into ketonic and non-ketonic components. The free ketoniec 
fraction was either chromatographed as such or first divided into digitonin- 
precipitable and digitonin-non-precipitable components. In each case the 
free non-ketonic fraction was saponified and the non-saponifiable fraction 
chromatographed. The crude conjugated fraction was saponified directly 
and the non-saponifiable fraction divided into ketonic and non-ketonic 
components. 


TABLE 1 


Incubation of Androsterone and Etiocholan-3(a)-ol-17-one; Weights of Major 
Crude fractions 


Andros- Etiocholan- 


3(a@)-ol-17- Fractions obtained, mg. 
terone | ane 
Free steroid Conjugated steroid 
Total weight, mg. | Non-saponifiable 
Total Ketonic ponifiable, | Total — — 
non-ketonic | Ketonic Non-ketonic 
1000 5071 «105 | «1468 | 2767 | 140 | 282 
A-2 1000 4042 108 1050-2560 20S 518 
10) 4842 121 1837 | 2463 6 132 
Results 


Table I indicates the total weight of the steroids incubated in each experi- 
ment, together with the weight of the major crude fractions. 

‘Two experiments (Experiments A-1 and A-2) were carried out with the 
procedure described and with androsterone as a substrate. In each ex- 
periment the sodium androsterone hemisuccinate was incubated in divided 
amounts and the several extracts were combined before processing. Thus, 
in Experiment A-1, four 318 mg. portions of androsterone hemisuccinate 
(each equivalent to 250 mg. of free steroid) were incubated for 6 hours at 
a steroid to tissue ratio of approximately 1:400, while in I-xperiment A-2 
three 424 mg. portions of androsterone hemisuccinate (each equivalent to 
334 mg. of free steroid) were incubated for 6 hours at a steroid to tissue 
ratio of approximately 1:300. In each of the seven incubations the slices 
were suspended in 200 to 250 ml. of buffer. 

The over-all recovery of crystalline compounds in the two experiments 
with androsterone averaged 37.3 per cent of the androsterone originally 
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incubated. Androsterone, which was recovered largely from the conju- 
gated fraction, accounted for an average of 55.6 per cent of the weight of the 
steroids isolated. In both experiments, two metabolic products were 
identified. These were androstane-3(a@),17(@)-diol, which was recovered 
largely from the conjugated non-saponifiable, non-ketonic fraction, and 
androstane-3 ,17-dione, which appeared exclusively in the free ketonie 
moiety. In one experiment, isoandrosterone was obtained in small 
amounts from the free ketonic fraction after treatment with digitonin. In 
addition, two other aleohols were obtained from the conjugated non- 
saponifiable, non-ketonic fractions but in amounts too small to permit 


Il 
Distribution and Y veld of Compounds Isolated after Incubation of Two 1000 Mg. Samples 


of Androsterone 


Fractions; weight in mg. 


‘Free steroid’ | cent of 
gterone 
incubated 
Ketonic ponifiable, Ketonic Non-ketonic! 
 non-ketonic 
Androstane-3la), 17 (@)- A. 11 100 11.1 
diol A-2 12 168 | 18.0 
Androstane-3, 17-dione A-l | 0.6 
A-2 | 0.8 
lsoandrosterone A-1 | 
A-2 0.5 
Unknown Alcohol A A-1 
A-2 3 0.5 
\-2 4 
Androsterone A-l 10 175 18.5 
A-2 14 21S 23.2 


identification. These have been designated as unknown Alcohols A and Bb. 
The formulas for the compounds identified are shown in Fig. 1. Table II 
indicates their distribution in the various fractions and the yields obtained. 

In a single experiment (Experiment a total of 1000 mg. of etiocholan- 
3(a)-ol-17-one was ineubated in three equal portions as the hemisuccinate. 
The incubation period was 6 hours and the steroid to tissue ratio was 12300. 
The recovery of crystalline compounds was 50.8 per cent of the steroid 
added, and of this fraction 15.7 per cent was accounted for as etiocholan- 


olone. Three compounds were isolated and identified. ‘These were 


were 


and etiocholane-3(a@) .17(3)-diol. which 
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Androsterone 


Androstane-3,17-dione Andros tane-3(4),17(a)-diol 


| 
Isoand rosterone 
Fic. 1 


HO H » sil 
Etiocholan-3(a)-ol-17-one 
OH | 
Etiocholane-3(¢) ,17(p)-diol 
Ge 
J 
e¢ 
Etiocholane-3,17-dione 


Fic. 2 
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recovered largely from the free, non-saponifiable, non-ketonic fraction, and 
etiocholane-3 , |7-dione, which was obtained from the free ketonie fraction. 
The formulas for these compounds appear in Fig. 2. The distribution of 
these compounds in the various fractions, together with the yields obtained, 
is indicated in Table ILI. 


Tasie 

Distribution and Yield of Compounds [solated after Incubation of 1000 Mg. of 
Ltiocholan-3(a)-ol-17-one 

Fractions; weight in mg. 


Yield, per cent 


| 
Free steroid 
Compound Conjugated 
. | steroid, non- | one in- 
Ketonic  fiable, non-  non-ketonic 
ketonic 
Etiocholane-3(q@), 17 (@)-diol 31S 10 | 32.8 
S5 8.5 
Etiocholane-3, 17-dione 1.5 
SO 8.0 


- — 


EXPERIMENTAL 


All melting points were determined with the Fisher-Johns apparatus and 
are recorded as read. 

Preparation of Androsterone and Etiocholanolone Succinates—These de- 
rivatives were prepared according to the procedure given for dehydroiso- 
androsterone in the previous publication (1). The vields varied from 83 to 
03 per cent. Crystallization was best effected from ethyl acetate or 
methanol. Androsterone hemisuccinate melted at 186—-187° (Ruzicka et al. 
(3) gave a value of 185-185.5°). Etiocholanolone hemisuccinate melted 
at 164-165". 

Tsolation and Identification of Androstane-3(a) ,17(a)-diol—In both Ex- 
periments A-l and A-2, this compound was recovered largely from the 
conjugated non-ketonic, non-saponifiable fraction. It was usually eluted 
from the chromatographic column when the concentration of aleohol in 
benzene reached 0.3 to 0.6 per cent (by volume). It was readily crystallized 
from methanol to vield colorless needles which melted at 222-223°. A 
mixture with an authentic specimen of androstane-3(a),17(a@)-diol (m.p. 
2()--222°) melted at 220-222°. A sample treated with digitonin failed 
to form a precipitate. The diacetate, prepared with the aid of acetic 
anhydride and pyridine, melted at 162-163°. 


acetate Cg Hyef Calculated. ( 73.36, H 9 64 
Found. ‘* 73.68, ** 9.50 
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[solation and Identification of Androstane-3 ,17-dione—-In both Lxperi- 
ments A-1 and A-2, this compound appeared in the free ketonic fraction 
mixed with small amounts of androsterone and isoandrosterone. The re- 
covery of the diketone was incomplete, due to the difficulty encountered in 
separating it from the associated hydroxy ketones, and in order to obtain a 
pure sample it was necessary to rechromatograph part of the free ketonie 
fractions. As would be expected, this compound was eluted from the 
column when the concentration of aleohol in carbon tetrachloride was of the 
order of 0.025 to 0.05 per cent. It was ultimately crystallized from dry 
ether and melted at 127—-128°. A mixture with a known sample of an- 
drostane-3 ,17-dione (m.p. 127—128°) melted at 126-127°. It was further 
characterized by examination of its infra-red absorption spectrum? which 
agreed in all details with that obtained from an authentic sample. 

Isolation and Identification of Isoandrosterone—This compound was 
identified as one of the products of Experiment A-2 and was isolated from 
that portion of the free ketonic fraction precipitated by digitonin. The 
best sample melted at 162-163°. A mixture with an authentic sample of 
isoandrosterone (m.p. 171-172°) melted at 165°. Infra-red absorption 
analysis? disclosed that the sample was an androsterone-isoandrosterone 
mixture. 

Isolation and Identification of Androsterone— \n experiments and A-2, 
androsterone was obtained largely from the conjugated non-saponifiable 
ketonic fraction. It was usually eluted when the concentration of alcohol 
in carbon tetrachloride reached 0.05 to 0.1 per cent. It was erystallized 
from ethyl acetate and identified by its melting point and by the melting 
point of mixtures with authentic specimens. 

Partial Characterization of Unknown Alcohols A and b- Both of these 
compounds were isolated from the conjugated non-saponitiable, non-ketonic 
fraction. Aleohol A, which was obtained in both Experiments A-1l and A-2, 
was crystallized from methanol and melted at 277-278°; fa]? = +26.7° + 
1.2° (0.320 per cent in ethanol). This compound was eluted from. the 
chromatographic column when the alcohol concentration reached 0.7 to | 
per cent. It formed an acetate with acetic anhydride and pyridine which 
melted at 225-226°. Alcohol B was isolated from the same column, but not 
until the concentration of aleohol in benzene reached 10 to 15 per cent. 
After crystallization from methanol it melted at 233 234°; faj2’ = 0 
(0.249 per cent in ethanol). A mixture of the two aleohols melted. at 
205-215°. 3 

Tsolation and Identification of Etiocholane-3(a) ,17(a@)-diol —Vhis diol ap- 
peared largely in the free non-ketonic, non-saponifiable fraction and was 


2 We wish to thank Dr. Konrad Dobriner, Memorial Hospital, New York, for the 


infra-red analyses. 
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eluted when the concentration of alcohol in benzene reached 0.5 per cent. 
lis separation from the 17(3) isomer (which was present on the same 
column and which was eluted shortly after the 17(@) isomer) was due in 
part to a practice of eluting each component of a given column as com- 
pletely as possible with the lowest practical concentration of alcohol. 
Crystallization from methanol yielded colorless plates which melted at 
933-234°; [a]2®> = +26.2° + 1.5° (1.29 per cent in ethanol). A mixture 
with an authentic sample of etiocholane-3(a@) ,17(@)-diol (m.p. 232-233°) 
melted at 232-233”. 


Analysis—CyH 202. Calculated, C 78.03, H 11.03; found, C 78.12, H 11.21 


The diacetate, prepared with acetic anhydride and pyridine, melted at 
125-126° (Butenandt e/ al. (4) gave a value of 232° as the melting point of 
the free diol and 124.5-125.5° as the melting point of its diacetate). 

Isolation and Identification of Etiocholane-3(a) ,17(8)-diol—This as yet 
undescribed diol was eluted from the column when the concentration of 
alcohol in benzene was 0.7 per cent. It crystallized from aqueous methanol 
in the form of thin needles which melted sharply at 227-228°; [a]? = 0° 
(0.75 per cent in ethanol). A mixture with etiocholane-3(a@) ,17(a@)-diol 
(m.p. 233-234°) melted at 198-220°. 


Analysis CyH2O,. Calenulated, C 78.03, H 11.03; found, C 77.96, 11.21 


The 3(@) configuration was assigned because of its failure to form a 
precipitate when treated with digitonin, and because there was no reason to 
suspect that inversion had occurred at C-3. Oxidation with chromie acid 
in 90 per cent acetic acid vielded colorless needles which melted at 127—128°. 
A mixture with an authentic specimen of etiocholane-3 ,17-dione (m.p. 
128--129°) melted at 127-128°. Thus, the only structural difference in the 
two diols was the configuration at C-17. 

Isolation and Identification of Etiocholane-3 ,17-dione--Vhis compound 
was obtained from the free ketonic fraction by washing the column with 
carbon tetrachloride containing 0.05 per cent aleohol. No difficulty was 
experienced in separating it from the associated etiocholanolone. — It 
erystallized from dry ether in the form of colorless needles, and melted at 
126-127°. A mixture with an authentic sample of etiocholane-3 , 17-dione 
(m.p. 127-128") melted at 126-127°. 


Analysis -Cyll«O.. Caleulated, C 79.12, HL 9.78; found, C 79.36, HE 9.80 


[solation of Etiocholanolone —Vtiocholanolone was obtained in 
ment I-1 from the free ketonie fraction only. Like androsterone, it was 
eluted from the column when the concentration of aleohol in carbon tetra- 
chloride reached 0.05 to 0.1 per cent. It was identified in the manner 
deseribed for androsterone. 
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Isolation and Identification of Cholesterol— Cholesterol was regularly 
isolated in all three experiments both from the free and the conjugated non- 
ketonic fractions. Its presence did not interfere with the isolation of other 
compounds of interest since it was eluted from the columns at an alcoho] 
concentration well below that required to elute the dihydroxy compounds. 
It was crystallized from acetone and then melted at 148-149". 

Search for Acidic Fraqments—sSince the over-all recovery of neutral com- 
pounds was low in these experiments, a search was made on two occasions 
for possible acidic metabolic products. The alkaline aqueous solution re- 
maining after extraction of the non-saponifiable material derived from the 
conjugated fraction was acidified and reextracted with ether. The dark 
brown extract so obtained was treated with an excess of diazomethane. 
After standing at room temperature for 12 hours, the solvent was evapo- 
rated, and the residue was taken up in benzene and chromatographed on 
acid-washed alumina. No crystalline substances were obtained bv this 


procedure. 


Comment 


These experiments demonstrate that there exist in rabbit liver enzyme 
systems capable both of altering the functional groups of certain keto- 
steroids and of converting them imto as vet unrecognized fragments. 
The reactions observed were of three general types. Quantitatively, the 
most important of these was the reduction of the C-17 carbonyl group to 
one or both epimeric aleohols. This was the predominating reaction with 
both androsterone and etiocholanolone in that it accounted for the largest 
share of the products isolated. The importance of this reaction was even 
more apparent in the case of dehydroisoandrosterone (1) in which from 43 
to 69 per cent of the added steroid was converted to A°-androstene- 
3(38).17(@)-diol. It is of interest that both isomeric diols were obtained 
only in the case of etiocholanolone and that a careful search for the second 
isomer after androsterone incubation, and, in a recently repeated experi- 
ment, dehydroisoandrosterone, Was unsuccessful. 

These results suggest that reduction of the C-17 carbonyl group repre- 
sents a general metabolic reaction of the 17-ketosteroids. The isolation 
from urine of a number of those steroids formed under the conditions 


employed in these in v7fro experiments lends support to this view. Thus, 
although A®-androstene-3(3) 17 (a@)-diol has not been dated trom normal 
urine, it has been recovered trom the urine after administration of dehydro- 
isoandrosterone to a human being (2), and in turn has led to an increased 
excretion of dehydroisoandrosterone after its subcutaneous injection into 
guinea pigs (5). Etiocholane-3(a@) ,17(a)-diol has been recovered from the 
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urine of normal men (4) but its 17(8) isomer has not. Androstane- 
3(a) ,17(a)-diol, which was formed in significant amounts under in vitro con- 
ditions, has not been obtained from the urine of normal human beings to 
date, but has been isolated from the urine of a normal female after the 
administration of testosterone propionate (6). 

A second reaction, which took place to a lesser extent, was that of oxida- 
tion of the C-3 hydroxyl group to the carbonyl group. This occurred 
during the incubation of both androsterone and etiocholanolone to give rise 
to the corresponding diketones. The normal occurrence of this reaction in 
human beings is attested by the previously reported isolation of androstane- 
3,17-dione and etiocholane-3 ,17-dione from the urine of normal men and 
women (7). In addition, androstane-3 ,17-dione has been. obtained from 
pig testis (8). 

A third reaction, for which the evidence is less conclusive, appeared to 
consist of a reduction of the C-3 carbonyl group of the newly formed 
androstiune-3 ,17-dione to yield one or both possible epimers. The evidence 
for this reaction is the isolation of isoandrosterone. However, since it is 
possible that the isoandrosterone isolated may have been present as a 
contaminant in the sample of androsterone incubated, it would be desirable 
to investigate this conversion further. The point would be most easily 
settled by separately incubating a sample of the intermediate, androstane- 
3,17-dione. Such experiments are now in progress. 

Isoandrosterone has been isolated in small amounts from the urine of 
normal human beings (9), from the urine of a variety of patients with 
carcinoma (10, 11) and from the urine of patients with hyperfunctioning 
lesions of the adrenal cortex (12, 13). 

These data, together with those already published, also show that the 
rates of hydrolysis of the three hemisuecinates in rabbit liver are distinctly 
different, as judged by the weight of crystalline compounds recovered from 
the conjugated fraction. The rate of hydrolysis of dehydroisoandrosterone 
hemisuccinate was the most rapid, and, by employing the same conditions, 
it was found that the rate of hydrolysis of androsterone hemisuccinate was 
the least rapid, while the rate of hvdrolvsis of etiocholanolone hemisuecinate 
occupied an intermediate position, 

Of interest, too, is the demonstration that dehydrotsoandrosterone or its 
metabolic produets are comparatively resistant to those as vet undescribed 
enzyme systems that have as their point of action the steroid nucleus itself, 
In contrast to the GS to SL per cent recovery of crystalline compounds after 
the incubation of dehydroisoandrosterone, the recovery in the case of 
etiocholanolone was 50.8 per cent and in the case of androsterone 37.3 
per cent. 
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SUMMARY 


Sodium androsterone and etiocholan-3(a@)-ol-17-one hemisuccinates were 
incubated with surviving rabbit liver slices under aerobic conditions for 
periods of 6 hours at 38°. An average of 37.3 per cent of the androsterone 
incubated was accounted for as the crystalline compounds androstane- 
3(a),17(@)-diol, androstane-3 ,17-dione, isoandrosterone, and two as yet 
unidentified alcohols. After the incubation of etiocholanolone the re- 
covery of crystalline compounds was 50.8 per cent. These included 
etiocholane-3(a@) ,17(a@)-diol, etiocholane-3 ,17-dione, and a new steroid, 
etiocholane-3(@) ,17(3)-diol. The results have been discussed in relation to 
reported in vivo observations and with respect to ketosteroid metabolism 
in general. 
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THE PREPARATION OF L-LEUCINE AND TTS BEHAVIOR IN 
SOME NON-AQUEOUS SOLVENTS 
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Technology, Pasadena) 


(Received for publication, February 16, 1948) 


Bergmann and Stem (1) have described a procedure for the isolation and 
purification of naturally occurring L-leucine based upon the precipitation 
and recrystallization of the slightly soluble salt of this amino acid with 
naphthalene-3-sulfonic acid. The product obtained was stated to be 97 
per cent pure and to be free from methionine, a common contaminant of less 
pure preparations of L-leueine (2). We have found that L-leucine so pre- 
pared contains significant amounts of those amino acids which are oxidized 
by bromine in acid solution, and that a naphthalene sulfonate of superior 
purity can be obtained if the crude leucine is first treated with bromine 
water. The use of the preliminary bromine oxidation and of more dilute 
solutions than were used by Bergmann and Stein for the reerystallization 
of the naphthalene-g-sultonate gave L-leucine preparations of exceptional 
purity when judged by qualitative tests and solubility determinations. 
Characteristic physical constants of L-leucine so prepared are given else- 
where in this paper. 

In the determination of the optical rotation of a-amino acids in aqueous 
acid solutions, it has been assumed at times that the concentration of the 
aqueous acid is not critical provided sufficient acid has been added to assure 
formation of the amino acid cation. Dunn ef al. (3) have pointed out that 
the specific rotation of solutions of L- and pb-alanine in hydrochloric acid is 
dependent upon the hydrochloric acid concentration, and the data presented 
in Fig. 1 clearly show a similar dependency in the case of either hydrochloric 
or sulfuric acid solutions of L-leucine. 

When solutions of L-leucine in 100 per cent sulfuric acid were allowed to 
stand at 25° for periods exceeding | month, no change in specifie rotation 
was observed. Furthermore, the L-leucine recovered from these sulfuric 
acid solutions was indistinguishable from .t-leucine not so treated. As 
either the lack of formation of the doubly charged cation, [RCHNH;C- 
(OH).|**, or the stability of this ion, in respect to the loss of a proton from 
the a-carbon atom in sulfuric acid solutions, may have been responsible for 
the optical stability noted, the eryoscopic properties of sulfurie acid solu- 
tions of L-leucine were investigated. It was found that the freezing point 
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depression of these solutions was 2.2 times that of a non-electrolyte, which 
would indicate that although the reaction 


IRCHNH,;CO,]* + > [RCHNH;CO.H]* 
is essentially complete there is relatively little ionization of the type 


The effectiveness of the positively charged ammonium group in preventing 
appreciable protonation of the carboxyl group of the L-leucine cation in 100 


| 


20° 


26° 
15° — 
— 
| | 
5 10 15 


Molar Conc Acid 


Fic. 1. Specific rotation of 1-leucine in aqueous hydrochloric and sulfuric acid 
solutions. O, sulfuric acid; @, hydrochloric acid. 


per cent sulfuric acid can be appreciated when it is remembered that both 
acetic acid and monochloroacetic acid are completely ionized in this 
solvent (4). 

It was observed that, when L-leucine was titrated with perchloric acid in 
glacial acetic acid solution (5), the specific rotation of the solution increased 
rapidly with added increments of perchloric acid until 1 equivalent of the 
acid had been added (Fig. 2). Kolthoff and Willman (6) have argued that 
a dipolar ion, such as glycine, would be expected to behave as a strong base 
in glacial acetic acid solutions because of the greater acid strength of acetic 
acid as compared to water and of an assumed near equivalence of the acid 
strengths of amino acid cation and acetic acid in solutions of the latter 
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Equivs.Perchioric Acid 


Titration of L-leucine with perehlorie acid in glacial acetic acid 


Equivs. Perchioric Acid 


Fig. 3. Titration of d-a-phenylethvlamine with perchloric 


acid. 


acid in glacial acetic 
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substance. ‘These authors conclude, from conductivity measurements, 
that glveine dissolved in glacial acetic acid is present as 
[Ac}~ and that the degree of dissociation of this ion pair is of the same order 
as that of potassium or ammonium acetate in the same solvent. The 
observed change in the specific rotation of a glacial acetic acid solution of 
L-leucine upon the addition of perchloric acid in the same solvent and 
particularly the abrupt change in the trend of the specific rotation noted at 
the equivalence point can be interpreted to suggest negligible or limited 
dissociation of the ion pair in glacial acetic seid. 


| | | 


24° 


23° 


26° 


26° 


| L | 
0.05 0.10 
Molar Conc. Leucine 


Fic. 4. Specific rotation of L-leucine in glacial acetic acid at 25 


If one assumes that the amino acid is completely ionized in glacial acetic 
acid solutions, the observed changes in the specific rotation of these so- 
lutions upon the addition of perchloric acid could be ascribed to the re- 
placement of acetate ion by perchlorate ion in the undissociated ion pair. 
That such an effect is possible is demonstrated by the titration of a par- 
tially resolved sample of d-a-phenylethylamine in glacial acetic acid by 
perchloric acid in the same solvent (Fig. 3). In the latter case there can 
be no doubt that the a-phenylethylamine is completely ionized in glacial 
acetic acid solutions. Although rigorous evidence as to the nature of the 
ion species present in a glacial acetic acid solution of L-leucine is lacking, 
present knowledge (4, 7-9) would appear to offer little support to the 
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view that the amino acid can exist in glacial acetic acid solutions as the 
dipolar ion. 

In the course of these studies, it was observed that the specific rotation of 
L-leucine in glacial acetic acid is strikingly dependent not only upon temper- 
ature but also upon the amino acid concentration (lig. 4). Furthermore, 
it was observed that lowering the molal freezing point of solutions of L- 
leucine in glacial acetic acid varies with the amino acid concentration, as Is 
shown in Fig. 5. These observations suggest that even at relatively low 
concentration there is extensive association of the ion pairs present in a 
glacial acetic acid solution of L-leucine. 
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Fic. 5. Freezing point depression of solutions of L-leucine in glacial acetic acid 


EXPERIMENTAL 


Amperometric Titration of Leucine Preparations (10) —The titration of 
100 mg. samples gave the following values, expressed as moles of Br con- 
sumed per gm. of amino acid: a technical leucine (Lemke), 1.31 K 107%; a 
purified leucine (loffmann-La Roche), 3.66 * 10~*; and leucine prepared 
by the method of Bergmann and Stein (1), 1.11 Reerystallization 
of the naphthalene-3-sulfonate, beyond that advocated by Bergmann and 
Stein, did not prove effective in removing bromine-oxidizable impurities. 

Preparation of u-Leucine Saturated bromine water was added, slowly 
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and with stirring, to a 10 per cent (weight per volume) solution of technica} 
leucine (Lemke) in 1 m! hydrochloric acid until the color persisted for 29 
minutes after the last addition. ‘The excess bromine was destroyed with 
sodium bisulfite prior to the addition of naphthalene-s-sulfonic acid as 
directed by Bergmann and Stein (1). The naphthalene-3-sulfonate, mp, 
189-191.5°, [a] = +13.3° + 0.1°, 4.3 per cent (weight per volume) in 
methyl cellosolve, was recrystallized four times from a 7.5 per cent (weight 
per volume) aqueous solution and the L-leucine, obtained by the decompo- 
_ sition (1) of the four times recrystallized naphthalene-s-sulfonate, m,p, 
191—192° fa] = 4+-13.2° + 0.1°,3.8 per cent (weight per volume) in methyl 
cellosolve, was recrystallized twice from 33 per cent (by volume) aqueous 
ethanol. The yield of the twice recrystallized L-leucine, based upon the 
weight of the starting material, varied between 10 and 14 per cent. Quali- 
tative tests for the presence of sulfur (11) and of tyrosine (12) in the twice 
recrystallized t-leucine were negative. Examination of the absorption 
spectra of a 0.4 per cent (weight per volume) aqueous solution of the amino 
acid revealed no specific absorption in the 260 to 270 my region. Analysis 
for total nitrogen gave 10.60 + 0.09 per cent or 99.3 + OS per cent of 
theory. 

Solubility of u-Leucine in Water—-An excess of twice recrystallized L- 
leucine was equilibrated with redistilled water at 25.05° + 0.05°. Aliquots 
were withdrawn over a period extending from 5 to 30 days and the solvent 
was evaporated at 105°. Seventeen determinations gave a mean value of 
2.152 + 0.006 gm. per 100 gm. of water for the solubility at 25°. The 
undissolved leucine remaining from the above series of solubility measure- 
ments was utilized for a second series of measurements, and in this instance 
twelve determinations, conducted as described above, gave a mean value of 
2.15 + 0.01 gm. per 100 gm. of water at 25°. The value of 2.15 + 0.01 gm. 
per 100 gm. of water for the solubility of L-leucine in water at 25° obtained 
above is to be compared with the value of 2.19 gm. per 100 gm. of water at 
25° given by Stoddard and Dunn (9) and the value of 2.20 gm. per 100 gm. 
of water at 25° reported by Hlynka (13). 

Optical Rotation of u-Leucine in Aqueous Systems—Vhe optical rotation of 
the twice recrystallized L-leucine was determined in 6.02 mM hydrochloric 
acid, with the leucine concentration varying from 2.0 to 5.0 per cent (weight 
per volume) and the temperature from 18-35°. ‘The specific rotation of L- 
leucine in 6.02 m hydrochloric acid was found to be independent of the 
leucine concentration between the limits studied. The variation of the 
specific’ rotation with temperature was found to be linear within the above 
limits, the temperature coefficient having a value of 0.07° per 1°, in reason- 


1 Molar and molal are used in a conventional sense only and are not to be construed 
as indicative of the actual molecular species that may be present in solution. 
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able agreement with the value of 0.063° per 1° reported by Stoddard and 
‘Dunn (9) for L-leucine in 6.08 m hydrochloric acid. 

The dependence of the specific rotation of L-leucine upon the concen- 
tration of the aqueous hydrochloric or sulfuric acid used as a solvent was 
studied, and the data obtained are presented in Fig. 1. In order to compare 
values for the specific rotation of L-leucine in aqueous hydrochloric acid 
solutions reported by others with those obtained in this study, the former 
values were interpolated to a temperature of 25° and a hydrochloric acid 
concentration of 6.0m. The values so obtained are given in Table 1. 

Behavior of u-Leucine in Sulfuric Acid——The optical stability of t-leucine 
in 100 per cent sulfuric acid was determined by preparing a 0.1524 m so- 


| 
Specific Rotation of u-Leucine in 6.0 ma Hydrochloric Acid at 25° 


Author | Value in literature aan ~ oe 
degrees degrees 
Bergmann and Stein (1) | 15.33 (21% HCl, 24°) 15.24 
Stoddard and Dunn (9) 15.21 (6.08 « HCl, 25° 15.16 
Dunn and Courtney (14) 15.1 60 “ “ 25.9°) | 15.05 
Thomas and Niemann (this 14.85 (6.02 “ “ 25°) 14.84 


paper) | 


* Interpolated to 6.00 « HCI and 25’. 


lution of this amino acid in 100 per cent sulfuric acid and observing the 
specific rotation of the solution immediately after preparation and after it 
had stood at room temperature in an air-tight container for 8 weeks. No 
significant change was observed. The solution was then diluted with 
water, and the amino acid was recovered by precipitation with naphthalene- 
3-sulfonic acid and compared with t-leucine naphthalene-S-sulfonate of 
known purity. The determination of the mixed melting point, nitrogen 
content, and specific rotation failed to disclose any differences. 

The eryoseopie properties of L-leucine in 100 per cent sulfuric acid were 
studied by the method described by Hammett and Deyrup (15). The 
freezing point depression of 0.03 to 0.12 molal solutions of L-leucine in 100 
per cent sulfuric acid was found to be 13.5° + 0.2° per mole of amino acid 
or approximately 2.2 + 0.05 times the depression caused by a non-electro- 
lyte. 

Behavior of u-Leucine in Glacial Acetic Acid -The specific rotation of 
glacial acetic acid solutions containing varying amounts of perchloric acid 
and 1.0 gm. of twice recrystallized L-leucine per 50 gm. of solution was 
determined at 26°. These data are given in Fig. 2. For comparative 
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purposes the specific rotation of solutions of d-a-phenylethylamine, [a]** = 
+37.6°, containing 0.50 gm. of the amine in 25 ml. of acetic acid-perchlorie 
acid of varying perchloric acid concentration, was determined at 24° (Fig, 
3). The freezing point depression of solutions of twice recrystallized 1. 
leucine in glacial acetic acid was determined with the aid of a Beckmann 
thermometer. The results of these eryoscopic measurements are presented 
in Fig. 5. 


SUMMARY 


A procedure for the preparation of L-leucine is described and certain 
physical properties, useful for establishing the identity or purity, have been 
redetermined. The behavior of L-leucine in sulfurie acid and glacial acetic 
acid solutions has been investigated. 
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STEROIDS DERIVED FROM BILE ACIDS 


VIIL. CATALYTIC HYDROGENATION OF METHYL 3(e@)-HYDROXY. 
12-KETO.A*" CHOLENATE AND RELATED COMPOUNDS* 


By BERNARD F. McKENZIE, VERNON R. MATTOX, ano 
EDWARD C. KENDALL 


(From the Division of Biochemisiry. Vayo Foundation, Racheste Vinnesota) 
(Received for publication, April 19, 1948) 


The reduction of the 12-carbonyl group of methyl 3(@)-hydroxy-12- 
keto-A®"'-cholenate to a hydroxyl group has been reported as a step in 
the preparation of methyl 3,9-epoxy-A'-cholenate (1). In the course of 
an extended investigation of this reduction with hydrogen and Adams’ 
platinum oxide catalyst (2), several factors were found which influence the 
rate and course of the hydrogenation. The results of this inquiry and 
the hydrogenation and hydrogenolvsis of some closely related compounds 
are discussed in this paper. 


Solve ni 


In neutral methanol or ethanol neither the carbonyl group nor the 
double bond of methyl 3(@)-hvdroxy-12-keto-A” "'-cholenate was reduced 
with hydrogen and Adams’ platinum oxide catalyst. In acetic acid and 
with not more than 3 gm. of platinum oxide per mole of steroid, hydrogen 
was absorbed until | mole had been taken up. The same result was ob- 
tained in mixtures of acetic acid with methanol or ethanol, but the rate 
of reduction Was decreased in the presence of acetic acid-ethanol, 1:3. 

The nature of the activation of the carbonyl! group which permits absorp- 
tion of hydrogen is not known, but the necessity for a certain concentration 
of hydrogen ion is clearly evident. Dr. Jacob van de Kamp, Merck and 
Company, Research Laboratories, has shown that methyl 3(@)-hydroxy- 
12-keto-A’" cholenate in methanol absorbed | mole of hydrogen rapidly 
ifa small amount of hydrogen chloride was present.’ Utilization of hy- 
drogen then stopped. Determination of the amount of unsaturated ketone 
by the extinction coefficient of the hydrogenated products indicated that 
less than 2 per cent of the starting material Was present. 

The addition of small amounts of water (6 per cent) to methanol which 
contained 0.05 ~ hydrogen chloride reduced the rate of hydrogenation 
slightly, but with the same concentration of hydrogen chloride 16 per cent 


* This work was supported in part by a grant from the Research Corpora- 


tion, New York. 
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of water appreciably decreased the rate of utilization of hydrogen. With 
1.0 ~ hydrogen chloride and 16 per cent of water the rate of hydrogenation 
was markedly reduced. 

With acetic acid as solvent 0.004 ~ hydrogen chloride increased the rate 
of reduction, but 0.10 N hydrogen chloride suppressed the absorption of 
hvdrogen. 


Platinum Catalyst 


The reduction of the 12-carbonyl group in methyl 3(a@)-hydroxy-12. 
keto-A®"-cholenate was dependent on the order of addition of the keto. 
steroid to the solvent. If the ketosteroid and platinum oxide were added 
to the solvent at the same time, hydrogenation proceeded satisfactorily, 
If the platinum oxide was first reduced, hydrogen was not absorbed after 
addition of the steroid. 

Other evidence for the loss of activity of the catalyst was afforded by 
the inability of the platinum to reduce more than the amount of steroid 
initially present. After reduction of the 12-keto group of the starting 
material the platinum catalyst was not effective for reduction of further 
amounts of the same product. 

Not only the rate but also the extent of reduction of methyl 3(a)- 
hydroxy-12-keto-A’"'-cholenate was dependent on the amount of platinum 
eatalyst. With not more than 2 gm. of platinum oxide per mole of steroid, 
the catalyst appeared to be exhausted after reduction of the 12-ketone, but 
with larger amounts of platinum (from 5 to 150 gm.) reduction of the 
carbonyl group was invariably followed by hydrogenolysis of the 12- 
hydroxy! group and tormation of methyl] 


Selentum 


In almost all of the reductions of methyl 3(a)-hydroxy-12-keto-4*"- 
cholenate it is probable that traces of selenium were present. In some 
experiments the amount of selenium Was so great that utilization of hydro- 
yen proceeded only for a fraction of | molar equivalent. It was then 
found that addition of more platinum oxide without removal of the first 
portion Was not always satisfactory. However, if the poisoned platinum 
was removed, addition of 2 or 3 gm. of platinum oxide per mole of steroid 
usually brought about absorption of 1 molar equivalent of hydrogen. The 
poisoning of the catalyst with selenium occurred in the earlier experiments 
before a satisfactory method for its removal had been devised, but it is 
probable that also in many of the later large scale preparations traces of 
selenium were present. This fact is pointed out, since it may seem likely 
that selenium may be an important factor in the reduction and that not 
only the rate but the course of reduction was modified by selenium. 
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However, the results of an extended investigation indicate that, except 
with regard to the rate of hydrogenation, selenium does not modify the 
utilization of hydrogen. In no instance was the sequence of reduction 
changed by the presence of selenium. Invariably there was reduction of 
the 12-carbony! group to an (a@)-hydroxyl or (8)-hydroxyl group, hydro- 
genolysis to form methyl] 3(@)-hydroxy-A’""'-cholenate, and finally reduc- 
tion of the double bond to give methyl lithocholate. For the reduction of 
the 4° bond fresh platinum oxide was required. 

A comparison of the results obtained with varying amounts of platinum 
with many samples of compounds which contained the 12-keto-A%”’ 
grouping clearly indicates that traces of selenium exert a favorable influ- 
ence. ‘This is because the activity of the platinum is modified to such an 
extent that hvdrogenolysis of the 12-hydroxyl group does not occur. With 
acetic acid-ethanol as solvent, as little as 3 gm. of platinum oxide per mole 
of steroid could cause hydrogenolysis of 5 to 10 per cent of the 12-hydroxy] 
group. This was not observed even over many hours if the amount of 
platinum was reduced to 2 gm. per mole of steroid. However, if traces of 
selenium were present, from 5 to 10 gm. of platinum oxide per mole of 
steroid could be used; the reduction proceeded rapidly and stopped abruptly 
after utilization of | mole of hvdrogen. 


Hydrogenation of Methyl ''-cholenate 


Hydrogenation of methyl in etha- 
nol-eacetic acid, 1:1, vielded an almost quantitative reduction of the 
12-carbony! group and gave a mixture of 12(@)-hyvdroxy and 12(8)-hydroxy 
compounds. ‘The extinction coefficient indicated the presence of not more 
than 1.6 per cent of unsaturated ketone. Chromatographic separation was 
not satisfactory, but the determination of the specific rotation indicated 
that the proportion between the a and 8 forms was about 1:4. The larger 
amount of the 12(3) epimer with the hydroxyl group cis to the methy! 
group at Cy, is in keeping with the mechanism suggested by Linstead and 
associates (3). 

Direct isolation of either form of the dihydroxy compounds epimeric at 
Cy or of the acids after hydrolysis of the ester eluded diligent and ex- 
tended eflort. A derivative, methyl 
was separated and crystallized until the melting point and specific rota- 
tion were constant. This compound was different from the known methy! 
3(a) (4), and hydrolysis with alkali 
vielded a crystalline acid which was different from 3(a@),12(a@)-dihy- 
droxy-A*:"'-cholenie acid (4). However, both the new dihydroxy com- 
pound and its diacetate in methanol with a trace of hydrogen chloride 
gave an almost quantitative yield of methyl 3(a@)-hydroxy-12(a)-methoxy- 
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A®"-cholenate (4,5), and in acetic acid with a trace of sulfuric acid the 
dihydroxy acid was converted into 3(a@)-hydroxy-12(a@)-acetoxy-A® "cho. 
lenie acid (4, 5). We may conclude, therefore, that the compounds 
under discussion are acid and methy} 
3(a),12(8)-diacetoxy-A® ''-cholenate. 


Hydrogenation of Methyl "-cholenate 


Reduction of the 12-carbonyl group of methyl 3(a@)-acetoxy-12-keto- 
A’ cholenate (6) occurred under the same conditions described for the 
3(a)-hydroxy compound with the absorpton of 1 mole of hydrogen, 
Absorption of hydrogen then stopped and when the reduction products 
were separated by adsorption on aluminum oxide and elution, they were 
shown to be methyl 3(a@)-acetoxy-12(a@)-hydroxy-A*''-cholenate (5, 6) and 
the epimeric 12(8)-hydroxy compound. ‘The presence of the 3(a)-acetyl 
group compared with the 3(@)-hydroxyl group appeared to increase the 
ratio of the 12(@) epimer to the 12(8) compound from 1:4 to 2:3. 


H ydrogenolysis 


Hydrogenolysis of a group adjacent to a double bond has been observed 
in numerous compounds (7), and it was found that the substituent at Cy, 
activated by the double bond Cy-Cy,, could be quantitatively replaced with 
hydrogen in the presence of Adams’ platinum oxide catalyst. With 2 gm. 
or less of platinum oxide per mole of 12-ketosteroid only 1 mole of hydrogen 
was utilized. With 3 gm. or more of platinum oxide reduction of the 
carbonyl group Was rapid and in addition hydrogenolysis of the hydroxyl 
group at Cy» occurred. Methyl '-cholenate and 
both methyl and the epimeric 
12(8)-hyvdroxy compound were reduced to methyl 3(a@)-hvdroxy-A*"- 
cholenate (6) in acetic acid-ethanol, 1:1, in the presence of LOO gm. of 
platinum catalyst per mole of steroid. Under similar conditions methyl 
(4, 5), methyl 3(a@),12(a@)- 
diacetoxy-A’"'-cholenate (4, 5), methyl "'-chole- 
nate (5, 6), and methyl 3(a@)-hydroxy-12(a@)-methoxy-A* ''-cholenate (4, 5) 
were reduced to methyl (6) or the 
acetate of XIII. 

It has already been reported that in acetic acid methyl 3 ,9-epoxy- 
A"-cholenate is very rapidly reduced to methyl 3(a@)-hydroxy-A*"- 
cholenate (6). The compound mentioned last or its acetate appears to be 
the first product formed by hydrogenation with each of the eight compounds 


2 See Table I. 
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discussed in this section. In no instance did reduction of the double bond 
C,-Cy occur before hydrogenolysis of the group at Cy. 


EXPERIMENTAL 


In all experiments the pressure of hydrogen was about 1 atmosphere and 
was determined with a mercury manometer. All samples of Adams’ 
platinum oxide were prepared at 450° and therefore were probably hy- 
drated. In this paper they will be designated PtO.. All melting points 


I 
Compounds Hydrogenated 


Compound | Compound No, ae 
Methyl3 I (1) 
acid. II (1) 
Methyl 3(a@), 12(@) -diacetoxy-A’-''-cholenate III (4, 5) 

lV * 

12(@) V (4, 5) 
3(a) acid Vi 
Methy! Vil * (6) 

cholenate ... | (5, 6) 
Methy! | 

Methyl hydroxy-l2(a@) methoxy-A®-!!- 

cholenate \ (4, 5) 
Methy! hvdroxy acetoxy 

cholenate Xl (4, 5) 
acid NII (4, 5) 
Methyl NIIl (6) 


— - 


* This paper. 


were determined on the Fisher-Johns apparatus. The compounds hydro- 
genated are listed in Table I. 


Hydrogenation of Methyl 3(ce)-H (1) (1) 


In Methanol with HCL A solution of 4.02 gm. of | in 50 ee. of methanol 
Was shaken in an atmosphere of hydrogen in the presence of 50 mg. of 
PtO,. In 12 minutes 4 ce. of hydrogen in excess of that required by the 
catalyst were absorbed, but no further uptake was observed in 3 hours. 
After the addition of 0.2 ec. of concentrated aqueous HCl, reduction 
proceeded satisfactorily. In 20 hours 0.98 mole of hydrogen was absorbed. 

In Methanol with 005 ~ HClL—1 mole of | was dissolved in 1200 ce. of 
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methanol and filtered through 10 gm. of activated carbon. 5 cc. of cop- 
centrated aqueous HCI to give 0.05 n HCl were added. 2 gm. of Pto, 
were used. The absorption of hydrogen, expressed as per cent of | mole, 
and the time required in seven experiments were as follows: 


Time, Ars., min. 17.30 6.30 7.5) 24.00) 26.18) 24.) 33.00) 
BS 99 100) 1) 99 100 


In Methanol with Varying Amounts of Water and Acid—-The influence 
of increasing percentages of water and of hydrogen chloride is shown in 
Table IT. 


Ii 
Influence of Water and Acid on Rate of Hydrogenation tn Methanol 


Time Solution® absorbed 
Ars. mole 
l A ).43 
B 0.32 
+ 0.19 
D 0.10 
2 A 0.59 
B 0.50 
C 0.34 
D 9.19 
4 | A 0.72 
B 0.66 
C 0.52 
D 0.34 
8 A 0.84 
B 0.80 
C 0.72 
D 0.58 
2 A 1.00 
21 B 0.98 
23 C 0.99 
23 1) 0.98 


* Each of the four solutions was prepared with 4.02 gm. of the same sample of I, 
30 mg. of PtOQs, and 12 ce. of methanol. The necessary amounts of water and aque- 
ous HC] (12 N or 1 N) were added to give the following percentages of water and 
normalities of acid. 


Solution Hv HCl 
per cent N 
A 2 0.05 
B 0.05 
C 16 0.05 


D 16 1.00 
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In Ethanol and with 0.05 N HClL—X solution of 4.02 gm. of I in 50 ce. of 
ethanol (95 per cent) was shaken in an atmosphere of hydrogen in the 
presence of 50 mg. of PtQ,. In 20 minutes 4 ec. of hydrogen in excess 
of that required by the catalyst were absorbed, but no further uptake was 
recorded in the next hour. Reduction proceeded satisfactorily after 
addition of 0.2 ec. of concentrated aqueous HCl and 1 mole of hydrogen 
was absorbed in 12 hours. The uptake of hydrogen ceased at this point. 

In Acetic Acid-——48.6 gm. of I with 250 mg. of PtO, (2.3 gm. per mole of 
steroid) in 250 cc. of acetic acid absorbed 1.01 moles of hydrogen in 23 
hours. 

121 gm. of | in 500 ce. of acetic acid with 500 mg. of PtO, (1.66 gm. per 
mole) absorbed 1.01 moles of hydrogen in 23 hours. 

In Acetic Acid with Small Amounts of HCl—4.02 gm. of I in 50 ce. of 
acetic acid with 30 mg. of PtO, and 1 ce. of 0.10 N aqueous HCl (0.002 n) 
absorbed 0.99 mole of hydrogen in 16 hours. In a similar experiment 
with 50 mg. of PtO, and 2 cc. of 0.10 n HC] (0.004 Nn), 0.92 mole of hy- 
drogen was absorbed in 5 hours and 1.04 moles after 21 hours. 

In Acetic Acid with 0.10 ~ HCl—In three experiments 4.02 gm. of 
| in 50 ee. of acetic acid and 0.41 cc. of concentrated aqueous HCl in the 
presence of 50 mg. of PtO, absorbed 5, 11, and 11 per cent of 1 molar 
equivalent of hydrogen respectively in 1 hour. The presence of 0.10 N 
HCl suppressed the absorption of hydrogen. 

In Acetic Acid-Ethanol—\ mole of | absorbed 1 mole of hydrogen in 
each of three experiments. 600 cc. of acetic acid, 600 cc. of ethanol (95 per 
cent), and 2.0 gm. of PtO. were used. 33, 45, and 49 hours respectively 
were required. 

Acetic Acid-Ethanol As Solvent for Reduction of VII—-The influence 
of varying proportions of acetic acid-ethanol on the reduction of the 
carbonyl group of methyl 3(a)-acetoxy-12-keto-A® "'-cholenate is shown in 
Table IIT. 

Influence of Selenium on Hydrogenation—98 gm. (0.252 mole) of 3(a)- 
hydroxy-12-keto-A’"-cholenie acid (Il) (4) with 500 mg. of PtO, (2 gm. 
per mole) in 400 ec. of acetic acid and. 400 ce. of ethanol (95 per cent) 
absorbed 0.05 mole of hydrogen in 4 hours. The solution was filtered and 
500 mg. of PtOQ. were added. 0.07 mole of hydrogen was absorbed in 8& 
hours. ‘The solution was filtered, and 500 mg. of PtO. were added. 0.22 
mole of hydrogen was absorbed in 2.2 hours and 0.99 mole after 31 hours. 
The first portions of platinum contained selenium. 

Removal of Selenium from Platinum—Selenium is not removed from 
platinum by solution of the metal in aqua regia followed by precipitation of 
the chloroplatinic acid with ammonium salts. Furthermore, selenium is 
not removed when PtQO, is formed by fusion of salts of chloroplatinie acid 
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with sodium nitrate. For the removal of selenium from platinum we haye 
found that the method devised for the determination of selenium in goj] 
through volatilization of the tetrabromide is satisfactory and can be applied 
conveniently (8). The accumulated platinum residues separated after 
‘atalytic reductions were dissolved in aqua regia, and the water and acids 
were boiled off. Concentrated hydrobromic acid and 1 to 2 ce. of bromine 
were added and the solution was boiled. The distillate was condensed jn 
an all-glass apparatus and was tested for the presence of selenium by 
addition of SO,. It was sometimes necessary to repeat the distillation 
with one or more portions of hydrobromic acid and bromine. 

After all selenium had been removed as shown by the absence of selenium 
in the distillate, the remaining hydrobromic acid was boiled off and the 


Hydrogenation of Methyl 3(a)-Acetory-12-keto-A*:"'-cholenate (VII) in Varying 
Amounts of Acetic Acid-Ethanol* 


Solution H: absorbed, per cent of 1 mole of H: 
Acetic acid Ethanol 30 min. 60 min. 90 min. | 120 min. 2 
ce. 
6 | 2 43 69) SS 101 
| 13 73 
2 | 24 46 | 


*().001 mole of the same sample of steroid and 10 mg. of PtO. were used in each 
experiment. 


bromoplatinic acid was precipitated with ammonium chloride. Fusion 
of this salt with sodium nitrate as suggested by Voorhees and Adams (2) 
invariably vielded PtQ, with a high catalytic activity. 

Influence of Amount of Platinum—Several examples of the absorption of 
more than | mole of hydrogen per mole of steroid are included in the 
experimental results. In no instance has utilization of hydrogen exceeded 
1 mole in the presence of 2 gm. of PtOs (Fig. 1). 

Methyl 3(a),12(8)-Diacetory-A®"'-cholenate (IV) (4, 5) from Methyl 
(1)(1)—40.2 gm. (0.10 mole) of I 
were dissolved in 250 cc. of acetic acid and 250 cc. of ethanol (95 per cent) 
and shaken in an atmosphere of hydrogen in the presence of 1 gm. of 
PtO,. 1.06 moles of hydrogen were absorbed in 1 hour and 36 minutes. 

The platinum was removed by filtration and the solution was concen- 
trated toa small volume. 500 ec. of benzene were added and the mixture 
was washed with water. The benzene was removed under reduced pres- 
sure, and the ester was acetylated in 100 ec. of pyridine and 100 cc. of 
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acetic anhydride at room temperature for 15 hours. Benzene was added 
and the mixture was shaken with water, with dilute hydrochloric acid, and 
with water. The benzene was removed under reduced pressure and the 
methyl 3(a@) , was crystallized three times 


/Toles of Aydpogen 


2, 4 6 8 10 12. 14 16 18 2.0 2.2, 
Time in hours 


Fig. 1. Curve 1, 0.2010 gm. (0.0005 mole) of methyl 3(@)-hydroxy-12-keto-A*!!- 
cholenate (1) was reduced in 10 ec. of acetic acid with 50 mg. of PtOQ. (100 gm. per 
mole). Absorption of hydrogen proceeded until 1.99 moles had been utilized in 70 
hours. Curve I], 4.02 gm. (0.01 mole) of I in 25 ec. of acetic acid and 25 ce. of 
ethanol with 30 mg. of PtO, (3 gm. per mole). Curve IIT, 0.404 gm. (0.001 mole) of 
lin 2.5 ec. of acetic acid, 2.5 ec. of ethanol with 2 mg. of PtO. (2 gm. per mole). 


from 120 ce. portions of methanol. The product weighed 27.8 gm. and 
melted at 106.8-107°. fa], = +3° + 2° (¢ = Lin methanol). 


Analysis*—CauH Os. Caleulated, C 71.28, H 9.07; found, C 71.16, H 9.26 


Acid (VI) from Methyl 3(a) ,12(g8)- 
dracetox y-A?'-cholenate 13.44 gm. of IV were dissolved at room 
temperature in 200 cc. of methanol and 50 ec. of 56 N aqueous NaOH. 
After 18 hours the methanol was removed under reduced pressure, 150 ec. 
of water were added, and the solution was poured into 200 ce. of cold water 
which contained 30 ce. of 5 x HCl. The granular precipitate which 


Analysis by Mr. William Saschek, Department of Biochemistry, Columbia Uni- 
versity, New York. : 
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separated was filtered and dissolved in 150 cc. of acetone. 150 cc. of water 
were added and the solution was cooled to 0°. The product which crys- 
tallized weighed 11.17 gm. and melted at 105-107°. Further dilution 
yielded a second crop (0.42 gm.), m.p. 103-106°. 

The 11.17 gm. were recrystallized from 50 cc. of ether and 50 ce. of 
benzene at 5°. Dense crystals (11.3 gm.) formed slowly over several days 
and melted at 105-106° with effervescence. 

For analysis a sample was dried at 100° and 0.1 mm. for 24 hours. 
11.85 per cent of the weight was lost. [a], = +31° + 2° (¢ = 1 in meth- 
anol). 


Analysis*—CoHy0,. Calculated, C 73.80, H 9.81; found, C 73.60, H 9.89 


Methyl 3(a) ,12(a)-Dihydroxy-A®"'-cholenate (V) (4, 5) and Methyl 3(a),- 
from Methyl 3(a)-Hydroxy-t 
cholenate (1) (1)—0.404 gm. of I was hydrogenated in 25 cc. of acetic acid 
and 25 cc. of ethanol (95 per cent) with 2 mg. of PtOQs. In 7.5 hours 
0.983 mole of hydrogen had been absorbed and 1.01 moles ot hydrogen 
were utilized after 22 hours. The reduction products were treated as 
already described. 

The molecular extinction coefhcient in methanol of methyl 3(@)-hy- 
droxy-12-keto-A®"'-cholenate (1) was 11,950. The extinetion coefficient 
of the reduction products was 203. Theretore not more than 1.6. per 
eent of [| could have been present. 

The specific rotation of the reduction products Was +47° + 2° (ec = LO 
in methanol). Since the specific rotations of the 12(a@) and 12(8) epi- 
meric forms are +104° and +31° respectively, the ratio of the 12a) to 
the 12(8) compound appears to be about 1: 4. 

Methyl 3(a)- (VII) (6) from Methyl 3(a)- 
Hydroxy-1 2-heto-A°"-cholenate (1)--2.01 gm. of I were acetylated in 2 
ee. of acetic anhydride and 2 ee. of pyridine at room temperature for 
IS hours. The crystalline mass which separated was dissolved in 30 ce. of 
benzene and washed with water, with dilute hydrochloric acid, with dilute 
sodium bicarbonate solution, and with water. The benzene was removed 
under reduced pressure and the residue was dissolved in 20 cc. of methanol. 
The first fraction which separated weighed 1.84 gm. and melted at 149.5- 
150°; the second crop weighed 0.24 gm. and melted at 149.5-150°. The 
two fractions were combined, dissolved in 20 ce. of boiling methanol, and 
cooled to 0°. The recrystallized material weighed 1.91 gm. and melted 
at 150-151°. fa], = +107° + 2° (30.0 mg. in 3 ce. of chloroform). The 
molecular extinction coefficient at 240 mu was 11,600. 

Methyl! 3(q@), 12 (8)-dihydroxy-A*"'-cholenate has not been separated in crystal- 


line form. The specific rotation of the ester prepared from the acid VI was [ap 
= +31°+ 2° (c = 1.01 in methanol). 
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Methyl 3(a)-Acetoxy-12(a)-hydroxry-A*"-cholenate (VIII) (5, 6) and 
Methyl 3(a)-Acetoxy-12(8)-hydroxy-A®""'-cholenate (IX) from Methyl 3(a)- 
Acetoxy-12-keto-A°'"'-cholenate (VII) (6)—4.44 gm. of VII were dissolved in 
25 ec. of acetic acid and 25 ce. of ethanol in the presence of 30 mg. of 
PtO.. In 27 hours 0.983 mole of hydrogen was absorbed. 

The solution was evaporated under reduced pressure, the residue was 
dissolved in benzene, and the acetic acid was removed with water. The 
benzene Was evaporated and the last traces were displaced with ethyl 
acetate. The volume was made to 10 ec. with ethyl acetate, 50 ce. of 
petroleum ether were added, and the solution was cooled to 5°. 3.60 gm. 
of product which melted at 122-123.5° were separated. [a], = +64° + 
2° (30.7 mg. in 3 ce. of acetone). 

After recrystallizing three times from 5 cc. of ethyl acetate and 50 ce. of 
petroleum ether, the weight was 2.34 gm. and the melting point was 125.5- 
126°. [a], = +71° + 2° (31.9 mg. in 3 ce. of acetone). 

1 gm. Was dissolved in 10 cc. of benzene, diluted with 40 cc. of petroleum 
ether, and adsorbed on a column of 30 gm. of aluminum oxide. It was 
eluted with varying proportions of benzene and petroleum ether. The 
specific rotation of each fraction was taken. The first elutions with 
specific rotations in acetone which varied from +107° to +98° were 
combined to give 257 mg. Intermediate fractions with specific rotations 
varying between +87° and +62° (402 mg.) were discarded. The last 
fractions (286 mg.), which were removed with 4 per cent methanol in 
benzene, consisted largely of methyl 3(a@)-acetoxy-12(8)-hydroxy-A?*:"- 
cholenate. {a}, = +46° + 2° (106 mg. in 10 ec. of acetone). 

This fraction was reerystallized twice from 0.5 cc. of ethyl acetate 
and 5 ce. of petroleum ether. The weight was 85 mg. and the melting 
point was LOO-10L°. [a], = +47° + 2° (30.4 mg. in 3 ce. of methanol). 


Analysis®--Co;H,O;. Caleulated, C 72.61, H 9.48; found, C 72.75, H 9.36 


The first fraction of 257 mg. which was largely methyl 3(a)-acetoxy- 
12(@)-hydroxy-A®''-cholenate was readsorbed on 8 gm. of aluminum 
oxide and eluted with petroleum ether-benzene, 1:1. 67 mg. thus obtained 
were crystallized from 0.3 cc. of ethyl acetate and 4 ce. of petroleum 
ether. 33 mg. of material melted at 135-138°. fa], = +112° + 4° 
(15.0 mg. in 3 ce. of methanol). 

The combined weight of the next four eluates, each of 50 ec. of 1:1 
petroleum ether-benzene, was 89 mg. It was crystallized from 0.3 ce. 
of ethyl acetate and 4 ee. of petroleum ether. 70 mg. of crystals melted at 
105-106°. After drying at 100° and 0.1 mm. for 18 hours the melting 
point was LI16-117°. [a], = +I111° + 2° (30.5 mg. in 3 ec. of methanol). 

For identification of methyl 


* Analysis by Mr. Joseph Alicino, Metuchen, New Jersey. 
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(VIII), comparison was made with a sample of this compound which had 
been ‘prepared by treatment of methyl 3(a)-acetoxy-12-chloro-A%". 
cholenate (5, 6) with silver carbonate in aqueous acetone. 500 mg. which 
were prepared as reported (6) were purified by chromatography on alumi- 
num oxide. Elution was accomplished with benzene and petroleum ether, 
1:9, and later with a higher proportion of benzene. A middle fraction 
which weighed 135 mg. was crystallized from 0.5 ec. of ethyl acetate and 
6 cc. of petroleum ether. 123 mg. of the product melted at 96-1019, 
recrystallized spontaneously on the melting point block, and remelted at 
105.5-106.5°. 103.4 mg. of the same sample, when dried at 100° and 0.1 
mm. for 6 hours, lost 8.4 mg. and then melted at 116-116.5°. [a], = 
+111° + 2° (30.4 mg. in 3 cc. of methanol). 


Analysis®—C2;HyO;. Calculated, C 72.61, H 9.48; found, C 72.29, H 9.41 


The sample of methyl pre- 
pared by reduction possessed properties which were identical with those 
described in the preceding paragraph. When the two samples which had 
been dried were mixed together, the melting point was not depressed. 

However, the melting point is not a satisfactory criterion for identifica- 
tion or for evidence of purity. When equal parts (20 mg. each) of methyl 
(m.p. 116-116.5°) the 
epimeric 12(8)-hydroxy compound (m.p. 100-LOL°) were dissolved in 0.25 
cc. of benzene and 3 ec. of petroleum ether added, crystals separated which 
melted at 120-123°. The specific rotation of the crystals, [a], = +81° + 
3° (20 mg. in 3 ce. of acetone) indicated a mixture of the e@ and 8 epimeric 
forms in the proportion of 53:47. It is interesting to note that the melting 
point of this mixture is about 7° above that of the a@ form and about 22° 
above that of the 8 epimer. The compound with the 8 configuration does 
not separate with solvent in the crystal lattice, but the a epimer may 
crystallize with solvent. 

The molecular extinction coefficient of methyl 3(a)-acetoxy-12-keto- 
A®"_cholenate in methanol at 240 mu was 11,600, and after reduction the 
extinction coefficient in methanol was 122. ‘This indicates the presence of 
less than | per cent of unsaturated ketone. 

The specific rotation of the mixture of reduction products which was 
taken before fractional crystallization was +72° + 2° (ec = 1.115 in metha- 
nol). Since the specific rotations of the epimeric @ and 8 forms are 
+112° and +47° respectively, the ratio of the two forms was approximately 
2:3. 

3(a)-H ydroxy-12(a)-acetoxy-A°"'-cholenic Acid (XII) (4, 5) from 3(a),- 
12(8)-Dihydroxy-A°"'-cholenic Acid (VI)—-780 mg. of VI were dissolved in 
78 ec. of acetic acid at room temperature and 2.6 ce. of 5. N aqueous sulfuric 
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acid were added. After 10 minutes 1.5 gm. of sodium acetate were added, 
and the solution was concentrated under reduced pressure almost to 
dryness. ‘The residue was distributed between ether and water and the 
organic phase was washed with water and concentrated to dryness under 
reduced pressure. The residue crystallized from absolute ethyl ether to 
give 640 mg. of the product. After recrystallization from methanol-water 
476 mg. melted at 188-189" and did not depress the melting point of 3(a)- 
hydroxy-12(a)-acetoxy-A®"-cholenic acid (4). [a], = +206° + 2° 
(32.2 mg. in 3.00 cc. of methanol). 

Methyl 3(a)-Hydroxy-12(a)-methoxry-A®"-cholenate (X) (4, 6) from 
Methyl 3(a) (IV )—-2.44 gm. of IV, 11 ce. of 
methanol, and 0.20 ce. of 12.0 N HCI were placed in a glass-stoppered flask 
with 5 gm. of glass beads and rotated for 16 hours. All erystals dissolved. 
After 3 days at room temperature the solution was cooled to 5° and a mass 
of crystals separated. After 48 hours 0.910 gm. of product was filtered 
from solution.. Evaporation of the filtrate yielded a second crop of 0.59 
gm. The combined crops were suspended in 6 ec. of boiling methanol 
which contained 50 mg. of sodium acetate and the solution was cooled 
to 5°. The crystals which separated weighed 1.28 gm. [a], = +131° 
+ 2° (c = 1.015 in chloroform). The melting point (162-162.5°) was 
not changed when the product was mixed with an authentic sample of X. 

Methyl 3(a)-Hydroxy-12(a)-methoxry-A*"'-cholenate (X) (4, 45) from 
3(a) ,12(8)-Dihydroxy-A’"'-cholenic Acid (V1)—3.90 gm. of VI, 22 ce. of 
methanol, and 0.4 ce. of 12.0 N HCI were allowed to stand at 5° for 3 days. 
A very small amount of crystals separated. After | day at 26° the suspen- 
sion of crystals which had separated was cooled to 5° for 24 hours and was 
then filtered. 3.21 gm. of product with a melting point of 161-162° were 
obtained. Evaporation of the filtrate yielded a second crop of 0.41 gm., 
which melted at 160-161°. The two crops were suspended in 10 ee. of 
boiling methanol which contained 50 mg. of sodium acetate. The flask was 
cooled to 5° and 3.26 gm. of the product were removed by filtration. [a], 
= +131° + 2° (ec = 1.006 in chloroform). The melting point (162- 
162.5°) was not depressed when the crystals were mixed with an authentic 
sample of X. 

Hydrogenolysis—-Hydrogenolysis of the seven compounds listed in 
Table IV was carried out as follows. The steroid was dissolved in the 
solvent, the platinum oxide was added, and hydrogenation was carried out 
for the time indicated. The platinum was removed by filtration, the 
solvent was evaporated under reduced pressure, the residue was dissolved 
in benzene, and the last traces of acetic acid were removed with water. 
The benzene was evaporated under reduced pressure and the residue, if an 
acid, was converted to a methyl ester with diazomethane. This treatment 
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was necessary for compound VI. In order to identify the product of 
hydrogenolysis, the 3(a)-acety] derivative was prepared with acetic 
anhydride and pyridine. After removal of acetic anhydride and pyridine 
by the usual procedure the acetyl compound was separated by crystalliza- 
tion from a mixture of equal parts of acetone and methanol at 5°. In each 
instance one recrystallization yielded a product with a specific rotation and 
melting point in agreement with that of an authentic sample of methy| 
3(a)-acetoxy-A’"-cholenate (XIII) (fal, = +58° in acetone; m.p. 137- 
138° respectively) and did not depress the melting point when mixed with a 


TABLE IV 
Hydrogenolysis of Substituents at Cis 
| | Methyl 3(a)- 
4 | Platinum oxide Time | 
| | | | | dees 
| ce. | gm. per mole Ars. | moles | mg. 
III 0.5 | 10 | 100 | 42 | 0.94 125 
V 0.5 | 10 100 0.96 144 
VII | 10.0 t 100 aes 1.25 | 984 
1.0 t 150 eye 0.98 | 286 
XI | 0.5 10 | 100 | 25 | 1.00 142 


* The weights of methy!] 3(a)-acetoxy-A*®-"-cholenate (XIII) do not indicate the 
total amount of this compound which had been formed. A quantitative separation 
was not made and XIII was isolated for purposes of identification only. 

t 25 ec. of acetic acid and 25 cc. of ethanol (95 per cent). 

t 5cc. of acetic acid and 5cc. of ethanol (95 per cent). 


sample of XIII. The weights of XIII separated in each experiment are 
given in the last column of Table IV. 


SUMMARY 


In the presence of Adams’ platinum oxide catalyst and hydrogen, the 
12-carbonyl group of methyl 3(a)-hydroxy-12-keto-A®"'-cholenate was 
almost quantitatively reduced to a mixture of the 12(@)-hydroxy!] and 
12(8)-hydroxyl groups. Under the conditions used the proportion of 
these two epimers was 1:4 respectively. Hydrogenation of methy! 
yielded the corresponding 12(a) and 
12(8) epimeric hydroxy compounds in the proportion of 2:3. 

With 2 gm. or less of platinum oxide per mole of steroid, utilization of 
hydrogen stopped after absorption of 1 mole. With larger amounts of 
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platinum oxide, hydrogenolysis of both 12(a@)-hydroxyl and 12(8)-hydroxy] 
groups occurred with formation of methyl 3(a)-hydroxy-A’"-cholenate. 
The 12(a)-acetoxyl and the 12(a)-methoxyl groups were also removed by 


hydrogenolysis. 
Traces of selenium reduced the rate of utilization of hydrogen but did not 


change the sequence in which the hydrogenation progressed. 
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THE CHEMICAL NATURE OF FAT-SOLUBLE MATERIALS 
WITH BIOTIN ACTIVITY IN HUMAN PLASMA* 
ADDITIONAL STUDIES ON LIPIDE STIMULATION OF MICROBIAL 
GROWTH 
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of Pathology, Western Pennsylvania Hospital, Pittsburgh) 


(Received for publication, May 3, 1948) 


In a recent paper, ‘Trager (1) described the presence of a material in the 
plasma of a variety of animal species which on hydrolysis with acids or 
enzymes yielded a fat-soluble substance possessing biotin-like activity. 
In a subsequent publication (2) the relationship of this substance to the 
course Of avian malaria was reported. In connection with our search for 
other forms of biotin in natural materials we had similarly observed the 
presence in lyophilized human plasma of an ether-soluble, neutral material 
capable of promoting growth of Lactobacillus arabinosus in the absence of 
biotin (3). Saponification of this material yielded a biologically active 
saponifiable fraction and «a non-saponifiable fraction which was almost 
devoid of biological activity. ‘This finding is not in agreement with that 
of Trager (1), who reported that the activity was present in the non-saponi- 
fiable fraction. ‘The acidie nature of our active material and the finding of 
Williams and Fieger (4) that oleic acid possessed biotin-like activity for 
Lactobacillus casei indicated that the activity of our substance might be 
attributed to its content of known fatty acids. For further characteriza- 
tion the crude acid fraction was esterified and the resulting esters distilled 
and resaponified. The regenerated acids were subjected to a lead salt- 
alcohol separation (5) and the activity was found in the liquid fraction. 
A spectrophotometric analysis (6) of this liquid fraction indicated the pres- 
ence of approximately 48 per cent of monoethenoid acids (oleic acid), 40 
per cent of diethenoid acids (linoleic acid), and 9 per cent of tetraethenoid 
acids (arachidonic acid). If the activity of the liquid fraction were due to 
the above components, it is obvious that its biological effects should be 
duplicated by a mixture prepared from purified oleic, linoleic, and arachi- 
donie acids in the above proportions. Such a synthetic mixture was pre- 
pared and its activity was identical with that of the liquid fraction. On 
the basis of these results there is no need for postulating the existence in 
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human plasma of unknown ether-soluble, biotin-active substances. Al] 
of the activity is explicable in terms of known fatty acids. 

In the course of the lead salt-alcohol fractionation, we consistently noted 
approximately 40 per cent loss in biological activity. Although the liquid 
fraction represented only about 60 per cent of the total fatty acid fraction, 
its activity per unit weight was essentially the same as that of the starting 
material. The solid fraction was practically inactive. This observation 
led us to investigate the possibility of a synergistic effect between the two 
fractions. Such an effect was actually observed and explained the above 
loss in biological activity. Following this, the interesting observation was 
made that synergistic growth effects were present with a variety of fatty 
acids. For example, it was noted that palmitic, stearic, and vaccenic acids 
were also capable of exerting synergistic effects with the liquid fraction. 
These fatty acids would be expected to accumulate in the solid fraction of 
a lead salt-alcohol fractionation and could easily explain its synergistic 
effects. It is significant that none of these acids possessed any appreciable 
growth-promoting activity when tested alone under our experimental con- 
ditions. Synergism between the above fatty acids and oleic, linoleic, and 
arachidonic acids was also demonstrated. The stimulatory effects of the 
solid fraction and palmitic, stearic, and vaccenic acids upon the liquid 
fraction and the synthetic mixtures of oleic, linoleic, and arachidonic acids 
were identical. This constitutes further support for the concept that the 
activity of the liquid fraction is due to oleic, linoleic, and arachidonic acids. 

In addition, the response of various microorganisms to a variety of lipides 
has been determined and a preliminary study of the effects of structural 
modifications of the oleic acid molecule upon its biological activity has been 


made. 


EXPERIMENTAL 
I. Microbiological Assay P roced 


| 

Biotin activity was determined by the following procedures: Lacto- 
bacillus arabinosus Lactobacillus casei Saccharomyces cerevisiae 
(9),* and the Stoddard (10) strain of Streptococcus haemolyticus, group C, 
mucoid phase (11). For the latter organism, the following modifications 
of the published procedure (11) were made. The medium was supple- 
mented with the following compounds per liter of double strength medium: 


! L-Asparagine (0.01 per cent) was added to the basal medium which was adjusted 
to pH 6.6 before autoclaving. 

2 An incubation period of 96 hours was employed. The medium with biotin omit 
ted was adjusted to either pH 6.8 or 5.5. 

* The cultures were grown in 50 ml. Erlenmeyer tlasks at 30°. 
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sodium acetate-3H,O, 40 gm.; sodium citrate-2H,O, 1 gm.; L-asparagine, 
200 mg.; guanine, 20 mg.; xanthine, 20 mg. ; pyridoxal hydrochloride, 2 mg.; 
pyridoxamine dihydrochloride, 2 mg.; p-aminobenzoic acid, 0.1 mg.; 
i-inositol, 1 mg.; pteroylglutamic acid, 1 y. The medium with biotin 
omitted was adjusted to pH 6.5 or 5.5 and the cultures grown at 37° for 
either 24 or 48 hours. 10 ml. of medium were added per culture tube. 
Periodic neutralization with alkali was not carried out. The variations in 
pH and incubation time did not affect the extent of growth of the Strepto- 
coccus haemolyticus in response to the various lipides. 

All of the above media are low in biotin and are adequate for growth when 
supplemented with biotin. For the lactobacilli assays, growth was deter- 
mined by acidimetric titration with a Beckman pH meter. For the remain- 
ing two organisms, growth was estimated turbidimetrically in the Evelyn 
photocolorimeter. The biotin activity of the various lipides was calculated 
from a standard biotin curve simultaneously determined and expressed as 
millimicrograms of biotin per mg. of substance. 

The lipides were dissolved in redistilled 95 per cent alcohol for assays. 
Amounts of solution ranging from 0.05 to 0.30 ml. were added per assay 
tube, and the final volume adjusted to 10 ml. by suitable additions of 
medium and water. The tolerance of the organisms to alcohol was greater 
than 0.3 ml. per 10 ml. and this quantity was never exceeded. 


IT. Isolation of Lipide Fractions from Human Blood Plasma‘ 


Extraction— ‘The isolation of the ether-soluble fraction from human blood 
plasma Was carried out essentially according to the procedure of Trager (1). 
A mixture of 9100 ml. of distilled water, 900 ml. of concentrated sulfuric 
acid, and 1000 ml. of human blood plasma (prepared from commercial 
lyophilized blood plasma) was autoclaved at 15 pounds pressure for 1 hour. 
After cooling to room temperature, the contents were filtered through a 
38.5em. Reeve Angel No. 820 fluted filter. The filter paper containing the 
dark precipitate was extracted with three 1000 ml. portions of ether. The 
combined ether extracts were washed with three 500 ml. portions of 10 per 
cent sodium bicarbonate solution and three 500 ml. portions of distilled 
water, and dried over sodium sulfate. The ether was evaporated and the 
residue dried to constant weight im vacuo over phosphorus pentoxide; 5.4 
gm. of a dark brown waxy material were obtained (fraction I, biotin 
activity = 1.6mypermg.). This fraction is comparable to the fat-soluble 
fraction of Trager. 

Saponification—-Fraction I (40 gm.) was refluxed under nitrogen for 6 
hours with 720 ml. of an alcoholic potassium hydroxide solution (12). 
After cooling, 1500 ml. of distilled water were added, and separation into 


* Lactobacillus arabinosus was utilized as the test organism in these studies. 
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saponifiable and non-saponifiable fractions was made in the usual manner. 
The non-saponifiable fractions weighed 12.4 gm. (fraction II, biotin activity 
= <0.15 my per mg.), while the saponifiable material weighed 26.0 gm, 
(fraction IIT, biotin activity = 5.8 my per mg.). 

Esterification——¥raction ILL (26.0 gm.) was esterified with diazomethane 
in the usual manner, and the resulting methyl esters separated from residues 
by distillation under nitrogen. An ester fraction boiling from 105-110° at 
0.005 mm. and weighing 22.0 gm. was obtained (fraction IV, biotin activity 
= 10mypermg.). The distillation residues (biotin activity = <0.15 my 
per mg.) were not investigated further. 

Resaponification—-Saponification of fraction IV (22.0 gm.) with metha- 
nolic potassium hydroxide under nitrogen, and isolation of the resulting free 
acids in the usual manner, yielded 20.6 gm. of an acid fraction (fraction V, 
biotin activity = 6.1 my per mg.). 

Lead Salt-Alcohol Separation ¥raction V was separated into solid and 
liquid acids by a modification of the Twitchell procedure (5). Fraction V 
(20 gm.) was dissolved in 200 ml. of hot 95 per cent alcohol and this solution 
was added to a hot solution of 12 gm. of lead acetate-3H.O in 200 ml. of 
aleohol and 2 ml. of glacial acetic acid. The mixture was allowed to stand 
at 15° for 12 hours. The solid lead soaps were collected on a Biichner 
funnel and washed with a small quantity of cold 95 per cent aleohol. The 
soaps were then recrystallized from 400 ml. of 95 per cent alcohol containing 
0.5 ml. of glacial acetic acid. The combined filtrates and mother liquors 
from, the solid soaps were evaporated under nitrogen and the liquid acids 
liberated by warming with 2 ~ hydrochloric acid and extracted with ether. 
From the washed and dried ether extracts 13.0 gm. of liquid acids (fraction 
VI, biotin activity = 6.2 my per mg.) were obtained. The solid lead soaps 
were converted into the free fatty acids as described for the liquid acids, 
and 5.5 gm. of solid acids were obtained (fraction VIT, biotin activity = 
0.10 my per mg.). 

Characterization of Fraction VI--A spectrophotometric analysis (6) of 
fraction VI Godine number = 151.4) indicated a composition of 48.4 per 
cent of monoethenoid acids (oleic acid), 40.3 per cent of diethenoid acids 
linoleic acid), and 9.1 per cent of tetraethenoid acids (arachidonic acid). 
In order to identify the linoleic acid by a crystalline derivative, a 1 gro. 
sample of the fraction was brominated in ether, and 238 mg. of tetrabromo- 
stearic acid (m.p. 114.5-116°) were isolated in the usual manner (13). 

Analysis Caleulated. C 36.038, 5.37, Br 53.27 

Found. 35.89, “ 5.04, 53.38 


The amounts of ether-insoluble bromides obtained were insufficient for 
characterization. 
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ITT. Preparation of Synthetic Mixture of Oleic, Linoleic, and 
Arachidonic Acids 


A mixture of 480 mg. of oleic acid, 400 mg. of linoleic acid, and 90 mg. of 
arachidonic acid was dissolved in ether, the ether removed in vacuo, and the 
resulting mixture dried to constant weight in vacuo. The mixture had an 
iodine number of 138.5 (biotin activity = 6.0 my per mg.). 


Taste | 


Activating EF flects of Solid Fraction upon Biotin-Like Activity of Liquid Fraction and 
Synthetic Mixture 


Solid fraction® Liquid fractiont Synthetic mixture? Biotin activity 
y per lube y per tube y per tube my per tube 

40 0.20 
5 | 30 0.28 
15 30 0.40 
30 | 0.44 
60 | 30 O.54 
| 0.55 
0.30 
75 0.65 
0.65 
0.63 
O.1S 
0.43 
i) 30 0.52 


* Solid fraction from lead salt-aleohol separation of futty acids from human 
plasma. This fraction alone possessed no growth-promoting activity in the quanti- 
ties employed. 

t Liquid fraction from the same lead salt-aleohol separation 

Oleic, linoleic, and arachidonic acids (ef. Seetion 


IV. Synergistic Growth Effects betwen Different Fatty Acids* 


Experiments illustrating the synergistic effects between certain fatty acid 
fractions obtained from human blood as well as certain purified fatty acids 
are shown in Tables I and II. The stimulatory effects of the solid fraction 
obtained from a lead salt-aleohol separation of the fatty acids from human 
plasma upon the corresponding liquid acids and a mixture of oleic, linoleic. 
and arachidonic acids are illustrated in Table [. It may be seen that 30 
of the solid fraction can markedly stimulate the biotin-like activity of 30 
of both the liquid fraction and the synthetic mixture. It is particularly 
significant that the degree of stimulation was practically identical in both 
eases. ‘This finding, in conjunction with the similarity in growth-promoting 
activity previously described, provides strong support for the concept that 
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the biotin-like activity of the liquid fraction is due to its content of oleic, 
linoleic, and arachidonic acids. The degree of stimulation is, within certain 
limits, a function of the amount of the solid fraction added. ‘Thus maxi- 
mum stimulation of 30 y of the liquid fraction is obtained in the presence of 
60 y of the solid fraction. 

The results obtained with the complex plasma fractions made it desirable 
to investigate the synergistic effects between purified fatty acids. A 
detailed investigation in which varying combinations of fatty acids were 
employed is summarized in Table II. To simplify the discussion, vaccenic 
acid and the solid fraction are included among the “saturated” acids. 


Taste Il 
Synergistic Effects between Various Fatty Acids 
The values are expressed as millimicrograms of biotin activity per assay tube. 


Plus © y per tube oft 


Vaccenic} acid Palmiticacid Stearic acid Solid fractions 
Arachidonic acid | 0.05 0.39 0.26 0.10 0.43 
Linoleic acid... 0.12 0.47 0.35 0.20 0.23 
Oleic acid... 0.18 0.63 0.29 0.26 0.27 
Liquid fraction]]........ 0.20 0.63 | 0.53 0.31 0.54 
Synthetic mixture{ 0.18 0.58 | 0.56 0.28 0.52 


* 30 y per tube. 
t In the concentrations employed, these acids alone were devoid of growth-pro- 


moting activity. 
t Prepared as previously described (14). 
§ Solid fraction from the lead salt-alcohol separation of fatty acids from human 


plasma. 
Liquid fraction from the same lead salt-alcohol separation. 


§ Oleic, linoleic, and arachidonic acids (cf. Section IIT), 


Amounts of the unsaturated acids ranging from 30 to 100 y per tube were 
assayed alone and in the presence of varying quantities (5 to 300 y per tube) 
of the “saturated” acids. In this manner, both the absolute quantities of 
unsaturated acids and the relative proportions of “‘saturated’’ acid to 
unsaturated acid were varied. In general, the degree of stimulation was 
dependent upon the ratio of “‘saturated”’ to unsaturated acid. Synergistic 
effects were first observed at a ratio (“‘saturated” acid in gm. per unsat- 
urated acid in gm.) of 0.5 and reached a maximum at a ratio of 2.0. The 
results given in Table II were obtained with this latter proportion. It is 
apparent that the synergistic effects of the “saturated” acids increased in 
the following order: stearic, palmitic, and vaccenic acid. Most striking 
was the stimulating effect of the “saturated’’ acids upon arachidonic acid, 
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which itself is almost devoid of biotin activity. Oleic and linoleic acids 
were stimulated to approximately the same degree by the “‘saturated”’ 
acids. In addition to the “saturated” acids listed in Table I, slight activa- 
tion of oleic acid with caproic, caprylic, capric, and myristic acids was noted. 
Lauric acid inhibited the growth activity of oleic acid. 

It may be seen from ‘Table II that the stimulatory effects of vaccenic, 
palmitic, and stearic acids upon the liquid fraction and the synthetic mix- 


Tasie Ill 
Brotin-Like Activity of Various Lipides 


The values are expressed as millimicrograms of biotin per mg. of substance. 


L. casei 
Lipide L. arabinosus _ S. cerevisiae S. haemolyticus 

pH 6.8* pH 5.s* | 
Oleic acid | 5.9 11.5 0.60 <0.05 
Linoleic acid 4.0 0.58 1.4 <0.05 | <0.05 
Elaidic 1.0 10.5 15.2 <0.05 <0.05 
Methyl! oleate 3.2 0.75 1.3 <0.05 0.16 
Stearic acid <0.05 <0.05 | <0.05 | <0.05 <0.05 
Tween 80 0.58 ks. 4 2.9 | 0.32 0.55 
Cholesterol... <0.05 <0.05  <0.05 | <0.05 

Vaccenic acid 1.2 | 6.0 | 5.3 | <0.05 | 
Fraction It 6.6 <0.05 <0.05 
<O.15 <0.05 <0.05 <0.05 <0.05 
oe 5.8 2.2 10.5 <0.05 | <0.05 


| 
| 


* pH of the medium before autoclaving. 

+ Ether-soluble fraction from human blood plasma. 
t Non-saponifiable portion of fraction I. 

§ Saponifiable portion of fraction I. 


ture of fatty acids are identical. These effects are similar to those observed 
with the solid fraction. 


\. Biotin-Like Activity of Various Lipides for a Number of 
Microorganisms 

The biotin-like activity of various lipides for Lactobacillus arabinosus, 
Lactobacillus casei, Saccharomyces cerevisiae, and Streptococcus haemolyticus 
was determined and the results summarized in ‘Table II]. It is of interest 
to note that the organisms fall into two classes with regard to their stimula- 
tion by lipide materials. On the media employed, the biotin requirement 
of the lactobacilli could be satisfied by a number of lipides. In contrast, 
these lipides were, with but few exceptions, unable to substitute for biotin 
in the nutrition of Saccharomyces cerevisiae and Streptococcus haemolyticus. 
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This variance in response may be due simply to permeability differences. 
On the other hand, it may denote profound differences in the metabolic 
events related to biotin. 

For Lactobacillus casei, the stimulatory activity of the lipides was more 
pronounced at the lower pH. Williams and Fieger (4) have similarly noted 
an increased response to oleic acid as the pH was lowered. However, in 
contrast to these authors, we have observed considerable growth of Lacto- 
bacillus casei in the presence of oleic acid at pH 6.8. 


Biological Activity of Oleic Acid Derivatives 


Compound Activity® 

Oleic acid 6.0 

Il Methyl oleate 3.2 
II] Oleic acid amide 6.5 
I\ Oleyl alcohol | <0.05 

\ Linoleic acid | 4.0 
Vi Linolenic ~ 1.7 
Vil acid 1.0 
Vill Vaccenic acid 1.2 
IX Stearic <0.05 
Dihydroxvstearic acid <0.05 
NII Azelaic acidt <0.05 
XIII Pelargonic acid | <0.05 


* Lactobacillus arabinosus was employed as the test organism. Values are ex- 
pressed as millimicrograms of biotin per mg. of substance 
Aqueous solution employed for assay. 


17. Biological Activity of Oleic Acid Derivatives 

Since oleic acid possesses marked biotin-like activity, it was of interest 
to ascertain the biological specificity of the molecule. Accordingly, a pre-. 
liminary study of the effects of structural modifications of the oleic acid 
molecule upon its biological activity for Lactobacillus arabinosus has been 
made and the results summarized in Table IV. Compounds I to IV illus- 
trate the effects of changes in the carboxyl group of the oleic acid molecule. 
Whereas the amide (IIT) was as active as the parent compound, the methyl 
ester (11) was approximately one-half as active. This difference could be 
attributed to the greater ease of hydrolysis of the amide linkage us com- 
pared to the ester linkage. Replacement of the carboxyl group by a pri- 
mary aleohol group (oleyl alcohol, IV) resulted in complete loss of biological 
activity. The results obtained with linoleic and linolenic acids (V and VI) 
demonstrated that increased unsaturation resulted in decreased activity. 
The stereochemical specificity of oleic acid was illustrated by the fact that 
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elaidic acid (VIL) was relatively inactive. It ts of interest that elaidice acid 
possesses a high order of activity for Lactobacillus caset (Table IIT). Vae- 
conic acid (VITL) with a trans double bond in the 11, 12 position had 
approximately the same activity as elaidic acid. Saturation of the double 
hond by hydrogenation (stearic acid, IX), as well as by hydroxylation 
(dihvdroxystearic acids, X and XI), led to complete inactivation. From 
structural considerations, azelaic and pelargonic acids could be considered 
to function as precursors of oleic acid and were therefore also included in 
this study. These acids alone or in combination proved to be inactive. 


DISCUSSION 


The experiments described in this paper have demonstrated that the 
biotin activity of the fat-soluble fraction from human plasma can be ex- 
plained in terms of known fatty acids. Of particular interest was the 
observation that certain saturated fatty acids were capable of exerting 
pronounced synergistic effects with various unsaturated fatty acids. The 
ability of the fatty acids to replace biotin in the nutrition of a number of 
microorganisms under certain experimental conditions provides strong 
evidence for the function of biotin in fatty acid synthesis (15, 16). 

We do not feel that sufficient evidence has been presented by Williams 
and Fieger (4, 17) to substantiate their view that biotin functions as a factor 
in cell permeability. A strong argument against their concept is afforded 
by the observation that numerous analogues of biotin are completely de- 
void of biotin activity, although, on a structural basis, they would be 
expected to be even more surface-active than biotin (18). It is coneeiv- 
able, however, that the synergistic effects herein described may be attrib- 
uted to surface phenomena. 

The réle of acetate in the synthesis of fatty acids has been established. 
It should be possible to utilize bacterial svstems of the type deseribed in 
this paper to study the intermediate steps in this svnthesis which are, at 
present, but litthe understood. For example, the biological activity of 
possible intermediates in the synthesis of fatty acids could be studied. 

The biological activity of the fatty acids for microorganisms suggests 
their possible activity in replacing biotin for higher animals. MacKay 
and Barnes have described such a relationship in rats (19). Trager (1), 
employing the crude ether-soluble, neutral fraction from plasma, reported 
heneficial effects in biotin-deficient chicks. The effects of purified fatty 
acids in varying combinations are being investigated in biotin-deficient 
rats and chicks in this laboratory. 

In studies on the metabolism of fatty acids, it would be most desirable 
to have available accurate micromethods for the determination of indi- 
vidual fatty acids. At the onset of the present investigation, we had hoped 
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that the growth-stimulating properties of these compounds would serve ae 
the basis for microbiological assay procedures. When the complex inter. 
relationships between the various fatty acids described in this paper were 
observed, it became evident that the microbiological assay was unsuitable. 


SUMMARY 


1. The biotin-lke activity for Lactobacillus arabinosus of the fat-soluble 
fraction of human plasma is explainable in terms of its content of known 
fatty acids. 

2. Pronounced synergistic growth effects between various fatty acids 
have been demonstrated in Lactobacillus arabinosus. 

3. The response of various microorganisms to a variety of lipides has 


been determined. 
4. Preliminary studies of the effects of structural modifications of the 
oleic acid molecule upon its biological activitv have been conducted. 


We wish to express our thanks to Dr. B. F. Daubert for the purified fatty 
acids and for the spectrophotometric work, to Dr. Erich Baer for the oley! 
aleohol, to Dr. Campbell Moses for the lyophilized human plasma, and to 
the Atlas Powder Company for the Tween 80. We are indelted to Miss 
Patricia Williams for technical assistance. 
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A STUDY OF TI ASSAY METHOD FOR THE GUINEA PIG 
ANTISTIFFNESS FACTOR* 


By BERT E. CHRISTENSEN, M. B. NAFF, VERNON H. CHELDELIN, 
anp ROSALIND WULZEN 


(From the Departments of Chemistry and Zoology, Oregon State College, Corvallis) 
(Keecived for publication, April 16, 1948) 


In 1941 Wulzen and Bahrs (1) reported a characteristic muscular stiff- 
ness at the wrist among guinea pigs on a skim milk diet, which progressed 
in intensity over a period of months. Autopsies of deficient animals re- 
vealed extensive calcification throughout the muscles and internal organs. 
Raw cream fed by mouth was found to alleviate the wrist stiffness within a 
few days, although disappearance of calcium phosphate deposits required 
many months. 

A procedure for the isolation of a factor present in raw cream which cured 
an induced stiffness in guinea pigs was described in 1943 (2). 3 mg. of the 
factor were isolated from 15 gallons of raw cream. ‘The compound was re- 
ported to be an oily ketone (steroid) which was very susceptible to at- 
mospheric oxidation and was active in dosages of 0.1 y. 

The factor present in cream was later traced to the molasses which had 
been added to the diet of the cow, increasing thereby the original amount in 
cream. ‘This led to the use of molasses and finally to unheated cane juice 
as a source of the factor. The procedure for the isolation from molasses or 
cane juice has been reported (3). 100 mg. of a factor (pure white leaflets, 
m.p. S1.5-82°) were isolated from 55 gallons of cane juice, which was 
very susceptible to atmospheric oxidation and was active in dosages of 
0.002 (3). 

Three reviews (4) have pointed out the need for the confirmation of 
this work by other laboratories, as well as information regarding the re- 
liability and limitations of the assay. Experiments of this nature have 
been published recently by Oleson and coworkers of the Lederle Labora- 
tories (5). “These have confirmed the existence of a stiffness syndrome, as 
well as the curative power of a crystalline material derived from cane juice, 
when fed in a 5 y dosage. Furthermore, several compounds related to the 
common sterols were reported which exert a similar curative effect. 


* This work was supported by the Williams-Waterman Fund of the Research Cor- 
poration, New York, and the General Research Council of the Oregon State System 
of Higher Eduéation, Corvallis. Published with the approval of the Monographs 
Publication Committee, Research paper No. 123, School of Science, Department of 
Chemistry. 
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Since the work on the isolation and identification of the natural factor at 
Oregon State College was interrupt ed,’ experiments were undertaken by the 
authors to confirm the earlier work and carry the problem to completion, 
Samples of molecularly distilled cane wax (equivalent when first made to 
that reported as containing 10,000,000 units of activity per gm. of material] 
(3), curative in 0.1 y dosage) were obtained for this purpose from Eli Lilly 
and Company.? Hlowever, when this material was separated into various 
fractions by means of a flowing chromatograph, it was not possible to 
follow further concentration changes. The results from the assay were 
frequently contradictory and the precision was so low that further con- 
centrations of the active principle could not be followed with any degree 
of certainty. 

Although the assay has evidently been adequate to establish the pres- 
ence or absence of the syndrome, additional evidence is required to fix its 
limitations and to ascertain whether it can serve as an analytical tool for 
isolation of the natural factor. Since this is a crucial matter, a careful 
check of the assay procedure was undertaken. 

This problem was approached by dilution experiments as well as other 
treatments. Samples of the wax were prepared in various dilutions. 
These were assayed and the results clearly indicate no differentiation 
among animals fed wax over a several fold concentration range. “They con- 
firm the Lederle experiments (5) which show that there is no significant dif- 
ference in animals fed the 1 and 5 y dosages. 

The wax was also subjected to a number of treatments (adsorption, 
molecular distillation, treatment with pure oxvgen at 100° for 24 hours, 
removal of the ketone fraction. fractional crystallization, etc.) which 
should yield fractions with varying degrees of poteney. These materials, 
together with a number of other samples (7c. ertron, the Lilly factor, an 
active sterol (Lederle), and Cuban eane wax)? which for various reasons 
were thought to possess marked activity, were submitted to assay. The 
identities of all samples were unknown to the analyst at the time the as- 
says were performed. All the data obtained over a period of 1 vear, in which 
duplicate assays (in groups of three to cight animals) were made, are tabu- 
lated in Table I. 

If the method has quantitative value, there should be significant differ- 
ences among the assavs of the animals receiving the different treatments. 


1 Due to the resignation of Dr. W. J. van Wagtendonk to accept a position at the 


University of Indiana. 

? The authors are indebted to Dr. A. L. Caldwell of Eli Li'ly and Company for the 
samples of cane wax and the highly active component of cane wax, to Dr. A. J. 
Kunsehner of the Nutrition Researeh Laboratories for samples of ertron, and to Mr. 
George P. Van Dooren for samples of Cuban sugar-eane wax. 
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Treatment No. 
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TaBLe I 


Assays on Materials Used in Treatment of Cane Waz 


Material tested 


Negative control 


‘ 
‘ 
‘ 
‘ 


Lederle sample 


‘ 


Ketones, Wax 2 


2 
9 
sé 9 
~ 
sé 2 


Non-ketones, Wax 


Adsorbed, Wax 2 


Unadsorbed, Wax 


Fraction 
sé 


(C‘uban wax 


24 hrs., 100 
100° 


to to 


- 


to 
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—0.1 
—0.3 
0.8 
0.0 
0.0 
0.1 
—0.1 
0.7 
0.0 
1.3 
0.7 
100 —0.1 
100 0.8 
100 0.0 
5 0.2 
5 0.1 
mez. 
0.0 
6 0.8 
6 0.4 
65 0.6 
65 1.2 
6 1.9 
6 1.0 
1.0 
1 0.0 
6 | 1.8 
( | 1.4 
6 | 0.4 
6 | 0.0 
6 0.0 
6 1.0 
6 0.0 
65 0.5 
6 0.8 
0.2 
6 | 0.0 
6 | 0.7 
1 | 1.3 
1 | 0.1 
1 1.6 
1 1.7 
6 1.0 
6 0.2 
6 1.6 
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102 y Wax 2 
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78 13 
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TaBLeE [—Concluded 


Group No. | Treatment No. Material tested Dosage Change per 
| me. 

175 On, 24 brs., 100° | 6 0.0 
B 15 Wax 5 0.0 
E 15 | ole | 10 0.0 
G 15 19 0.0 
128 16 2.1 
§ A 1.2 
147 16 | 0.1 
A 17 0.0 
C 7 0.2 
D 17 0.0 
F 17 0.5 
125 18 1.2 
138 18 0.3 
148 18 1.9 
I | 19 Lilly factor 0.1 0.3 

J 19 0.1 0.3 
122 20 Wax 2 (new) a) 0.2 
185 20 1.1 
157 21 Fraction FB-4 5 1.5 
177 21 0.2 


* The total change with the 1 to 4 system, described previously (3), is given as 
the sum of the changes in the readings of left and right paws for all animals overa 
period of 1 week. A change in reading from 3 to 4 in one paw, for example, cor- 
responds to 1 unit. 

t Negative controls, Groups 112 and 163, contained 0.2 to 2 mg. of fat acid. 

t Wax 2. 


In order to determine this a statistical analysis’ was made of all the tests in 
Table I, the negative controls and the animals for which the reading in 
either paw was missing being excluded. In all, the statistical study deals 
with twenty-one treatments and 53 groups of animals, consisting of 162 
individuals. The results of the analysis are shown in Table IT. 

Table II gives three sources of variation; namely, (a) the variation among 
the different treatments, (6) the variation among the groups which received 
the same treatment, and (c) the variation among the animals which hap- 
pened to be in the same arbitrary group. The three variances listed in 
Table II are the respective quantitative measures of these variations. The 
ratio of the group variance to the animals’ variance is given in Table II as 
3.40. As the 1 per cent level of Snedecor’s F distribution, with 32 and 109 


> Statistical treatment of the experimental data was carried out by Dr. Jerome ©. 
R. Li of the Oregon State College Mathematics Department. The authors wish to 
express their gratitude for his helpful suggestions. 
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degrees of freedom, is less than 1.89, this variance ratio, 3.40, indicates 
that the variation among the groups is significantly greater than that 
among the animals within each group, despite the fact that the animals 
were arbitrarily divided into different groups. 

There is no obvious factor which should cause the various groups to react 
differently to the same treatment. Some factor not fully controlled such as 
the incidence of infectious disease in the animal colony or deterioration of 
the physiological activity of the specimens with time may have contributed 
to statistical uncertainty. Whatever the reason may be, it illustrates the 
inadequacy of the method for quantitative assay purposes in its present 
form. 

The variance 1.4302 due to the treatments is approximately equal to the 
variance 1.3796 due to the groups which receive the same treatment. The 
variance ratio is 1.04. This clearly indicates that the different treatments 


TABLE II 


Analysis of Variance 


Degrees of 


Sources of variation | Sum of squares| | 
(a) Treatments 20 28 .6030 | 1.4302 | 
(b) Groups within treatment 32 44.1461 | 1.3796 | 3.40 
(c) Animals within group 109 44.2509 | 0.4060 
Total... 161 117.0000 


do not show different effects in this experiment and that it is not possible 
to differentiate among animals fed samples of materials from cane wax and 
other sources. 


DISCUSSION 


Since the data presented here, together with those from the Lederle 
report, indicate that it is not possible to make comparisons of relative 
activity with stiffness measurements within a several fold concentration 
range, it seems doubtful whether any concentrations other than an almost 
perfect separation, such as removal of wax from cane juice by ether ex- 
traction, could be followed. The distribution of active materials resulting 
from the treatment of cane wax either by chromatography, molecular 
distillation, or fractional crystallization would hardly be likely to occur in 
such favorable ratios as to permit differentiation between various fractions 
by this assay procedure. Considering (a) the fact that Oleson and co- 
workers have shown a number of common sterols to possess antistiffness 
activity, (b) the low sensitivity of the assay, and (ec) the distribution usually 
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effected in isolation work, it does not seem strange that all the fractions 
isolated in this laboratory appeared relatively equal in activity and that 
differentiation between them is an impossibility. 


SUMMARY 

The assay procedure (2, 3) for the guinea pig antistiffness factor has been 
studied with respect to its reproducibility and sensitivity of measurement 
over a several fold concentration range of active sugar-cane wax. Sta- 
tistical analyses of the results indicate that there are no significant dif- 
ferences among samples of wax receiving different chemical treatments. 
It is concluded that the assay procedure ts not suctable for quantitative analyty- 
cal purposes. 
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THE ISOLATION AND PROPERTIES OF PHOSPHO- 
GLUCOMUTASE 


By VICTOR A. NAJJAR* 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


‘Received for publication, April 22, 1948) 


Phosphoglucomutase, the enzyme that catalyzes the conversion of glu- 
cose-1-phosphate to glucose-G-phosphate, has been found in tissue extracts 
of various animals as well as in yeast extracts (1, 2). It has been shown 
that the enzyme is specific for the above glucose esters; it is activated by 
Mg** and cysteine and has a pHl activity optimum at 7.5 (2). The reac- 
tion Was proved to be reversible as shown by the 7m vitro synthesis of glyco- 
ven from glucose-6-phosphate through the combined action of phosphoglu- 
comutase and phosphorvlase (8). Colowick and Sutherland (4) determined 
the equilibrium of the renetion with a purified preparation of phospho- 
glucomutase; they found that 5.5 per cent of l-ester was present at equilib- 
rium at 380°. The position of the equilibrium was independent of pH. 

This report deals with the purification, crystallization, and properties of 
the enzyme. 


Kstimation of Enzyme Activity 


The activity of the enzyme was measured by the conversion of the acid- 
labile P of the l-ester into the acid-stable P of the 6-ester. The details of 
the method were as tollows: 

The enzyme solution to be tested was diluted appropriately with cold dis- 
tilled water immediately before use and kept in an ice bath. Enzymati- 
cally prepared glucose-l-phosphate was used as substrate; it was made up 
ina stock solution contaiming 2 10 mM glucose-l-phosphate and 6 10 
M Mg?! (as MgSQ,) and adjusted to pl] 7.5. A 0.05 mM eysteine solution 
adjusted to pH 7.5 was prepared fresh for each estimation from a 0.5 M 
stock solution. O.1 ce. of the substrate (representing 62 y of acid-labile 
P) and 0.2 ce. of the cysteine solution were pipetted into a Klett colorim- 
eter tube and left in a constant temperature water bath at 380° for 2 
minutes for temperature equilibration. The reaction was started by add- 
ing O.1 ce. of the freshly prepared enzyme dilution. ‘wo or more dilutions 
of the same enzyme preparation were used for each test. The reaction 
proceeds in a linear manner up to the point where about 60 per cent of the 
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substrate has been used up. This point should not be exceeded in the test 
(Fig. 1). 

After an incubation of 5 minutes duration, the reaction was stopped by 
the addition of 1 cc. of 5N HeSOy. Water was then added to bring the yol- 
ume up to 5 ee. and the reaction tubes immersed in boiling water for 3 min- 
utes. The inorganic P formed during acid hydrolysis, which is equivalent 
to the unchanged l-ester, was measured by the method of Fiske and Subba- 
row (5). The acid-stable P represented the amount of glucose-6-phosphate 
formed; it was calculated from the difference in easily hydrolyzable P before 
and after incubation. The unit of activity was taken as the number of 
mg. of acid-stable P formed per cc. of enzyme solution under the conditions 


2 

100 

80 

60 

~ 

20- 

30 40 SO 60 


MINUTES 


Fic. 1. Time curve of phosphoglucomutase at 30°. 4.75 y of protein per ce., pH 
7.5, 0.0025 m Mygt**, and 0.025 mM evsteine. 


deseribed. Protein was estimated by the biuret method of Robinson and 
Hogden (6). 


Method of Purification and Crystallization 


Alternate heating and fractionation with ammonium sulfate were the 
principal procedures used for the purification of the enzyme leading to its 
crystallization from ammonium sulfate. The following steps are indicative 
of a typical preparation (Table I). Unless otherwise stated all manipula- 
tions were done at 0-4° and pH 5.0. 


Two rabbits were given an intravenous injection of nembutal, the vessels: 


of the neck were severed, and the blood allowed to drain thoroughly. The 
excised rabbit muscles (900 gm.) were minced by passing through a meat 
grinder. 1 volume (900 ec.) of distilled water was added, stirred thor- 
oughly, and the mixture allowed to stand for 20 minutes, and then strained 
through gauze. The residue was reextracted with another volume of 
distilled water. 

The combined extracts (1700 ec.), having an activity of 0.5 unit per mg. 
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of protein, were adjusted to pH 5.0 with | M acetic acid. The resulting 
turbid extract was placed in a water bath at a temperature of 85-90°, 
and, when the temperature of the extract reached 65°, it was immersed 
in an ice bath until the temperature reached 4°. Constant mechanical 
stirring Was maintained throughout the heating and cooling procedures. 
The extract was then filtered through coarse filter paper. 

The filtrate (1400 ce.), having an activity of 2.3 units per mg., was 
brought to 0.65 saturation with solid ammonium sulfate, added gradually 
with gentle stirring. ‘The precipitate was filtered off or centrifuged and 
taken up in an equal volume of 0.15 mM acetate buffer, pH 5.0. The turbid 
solution (20 ec.) containing ammonium sulfate at about 0.32 saturation was 
placed in a water bath at 65° and stirred constantly. The solution was 


TABLe [ 
Sample Protocol for Preparation of Phosphoglucomutase 


Totalactivity Total protein Specific activity 
| 


units ms. | unils per mg. 
Water extract (900 gm. muscle) 9850 | 19,700 | 0.5 
Ist heat filtrate (65°) 7800 3,400 2.3 
0.00.65 ammonium sulfate ppt. 7480 1,160 6.45 
2nd heat filtrate (63°) 4370 336, 13.0 
Ist crystallization, 0.50-0.60 ammonium 2030 112 18.0 
sulfate 
2nd ervstallization, 0.50-0.60 ammonium 10S0 47 23.0 
sulfate 
2nd crystallization, 0.60-0.65 ammonium 1040 40 26.0 
sulfate 


allowed to reach 63° and to remain at that temperature for 3 minutes. The 
heavy precipitate which formed was centrifuged off and the supernatant 
fluid (16 ec.) was found to contain 21 mg. of protein per cc. with an activity 
of 13 units per mg. of protein. 

This solution was diluted with 6 volumes of 0.32 saturated ammonium 
sulfate to obtain a protein concentration of about 3.0 mg. per ce. The 
ammonium sulfate saturation was then raised to 0.50 by slow, dropwise 
addition of a saturated solution and the mixture allowed to stand in the cold 
for 30 minutes. The precipitate was centrifuged off and discarded. The 
clear supernatant fluid was then warmed to 30° and kept at this temperature 
for } hour. <A protein precipitate’ which formed was centrifuged off, care 


' This protein had very low mutase activity and a negative temperature coefficient 
of solubility, and at this ammonium sulfate concentration, it completely dissolved 
below 10°. It was similar in this respect and in its electrophoretic mobility to rabbit 


serum albumin. 
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being taken to prevent cooling. ‘The resulting supernatant fluid was 
placed in an ice bath and the ammonium sulfate concentration brought up 
gradually to 0.55 saturation by very slow addition of the saturated salt 
solution over a period of 1 hour. A faint turbidity appeared, followed by 
a thin silky shimmer about half an hour later. ‘The material was allowed 
to stand overnight. 

The slow addition of ammonium sulfate was then resumed until the con- 
centration gradually reached 0.60. It was found that appreciable denatu- 
ration could be avoided by adding ammonium sulfate dropwise with a pi- 
pette, while the solution was stirred at the same time with a glass rod. The 
solution was left in the cold for 24 hours for maximum crystallization. The 
erystals were then centrifuged and dissolved in 0.15 M acetate buffer of pH 
5 to give a protein concentration of about 2.0 mg. per ce. The activity in 
the first crystals corresponded to 18 units per mg. 

For the second crystallization the ammonium sulfate saturation was 
raised to 0.50 and the precipitate, if any, discarded. ‘The supernatant fluid 
was warmed to 30° and any insoluble protein separated by centrifugation 
aut room temperature. The supernatant fluid was cooled to 0 4° and the 
ammonium sulfate concentration Was raised as previously described to 0.60, 
at which level a slight turbidity began to form, followed by the tormation of 
crystals. After standing overnight, the crystals were separated and gave 
an activity ot 23 units per mg. protein. The concentration of ammonium 
sulfate in the supernatant fluid was then raised gradually to 0.65, and after 
standing 24 hours, further crystals formed having an activity of 26 units 
per mg. of protein. After a third or fourth crystallization the activity 
remained at 26 units per mg. and the supernatant fluid had the same 
activity as the crystals. 

The procedure described above proved to be reproducible on mumerous 
trials. On a few occasions, however, when blood could not be properly 
drained, the enzyme preparations proved difficult to purifv. In such in- 
stances the second heating step often failed to improve purity, since blood 
proteins, particularly serum albumin, remained as major contaminants. 

Perfusion of the muscle (Table 11) avoided this difficulty but had the dis- 
wdvantage that a bulky precipitate formed during both heating steps. 
The hind leg muscles were perfused rapidly with cold normal saline solution, 
no more than 15 minutes being allowed for the procedure. The isolation of 
the enzyme was then carried out as before, except that the small volume of 
the extract at the second heating step made it necessary to reextract the 
precipitate with 2 more volumes of acetate buffer. This avoided the loss of 
the enzyme which was otherwise retained in the meshes of the heat-dena- 
tured precipitate. When perfusion was carried out for more than 15 
minutes, the first heating step produced denatured protein that was very 
difficult to centrifuge or filter off. 
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Properties of Crystalline Phosphoglucomutase 


The crvstals are long, thin, very fragile plates. Fig. 2 shows a number 
of fragmented crystals besides some well formed ones. No fructose-6- 
phosphate was formed in reaction mixtures in which 90 per cent or more of 
glucose-l-phosphate had been converted; the crystalline phosphoglucomu- 
tase is therefore free of phosphohexose isomerase activity. It was also 
tested with negative results for amvlase, phosphorylase, aldolase, p-glycer- 


Il 


Sample Protocol for Preparation of Phosphoglucomutase from Perfused 


Rabbit Muscle 


Total Total Enzyme Specific 
activity protein protein activity 
unils meg. me. unils per mg. 

Water extract (900 gm. of muscle) 10. 400 17.320 400 0.6 

Ist heat filtrate 2, 460 1. 760 210 3.1 

0.0-0.65 ammonium sulfate ppt. 1.680 742 ISO 6.3 

2nd heat filtrate 3.690 263 142 14.0 

Ist ervstallization, 0.50 0.60) ammonium 3.380 161 130 21.0 
sulfate 

2nd ervstallization, O50 0.60) ammonium USS 38 23.0 
sulfate 

2nd ervstallization, ammonium 1 O40 26.0 
sultate 


hia. 2. Phosphoglucomutase crystals from rabbit muscle; 150 


aldehyde phosphate dehydrogenase, glvcerophosphate dehydrogenase, tri- 
ose mutase, enolase, and lactic dehydrogenase. 

The absorption spectrum of the enzyme gave a maximum at 278 mu 
(Fig. 3). The extinetion of a | per cent solution in 1 em. cell thickness 
(Ey i.) at 278 my was found to be 7.70. 

llectrophoretice studies were made on the crystalline enzyme obtained at 
0.650 ammonium sulfate saturation from perfused muscle. The enzyme 
had an activity of 26 units per mg. of protein. Acetate buffer at pH 5.0 of 
O.1 ionte strength was used and the temperature was 1.9°. During 4 hours 
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a single peak with a mobility of 2.01 &K 10°° (sq. em. per volt per second) 
was noted. The protein was positively charged at that pH. 

The enzyme was most stable when dissolved in acetate buffer at pH 5.0. 
Its activity was maintained for about 10 days at ice box temperature, then 
declined slowly over a period of 6 to 8 weeks. Below pH 4.5 and above pH 
8.0 it was readily inactivated. 

The enzyme was practically inactive when diluted with water and tested 
in the absence of cysteine. Maximum activity was obtained when the 
enzyme was diluted with ice-cold water and tested immediately after dilu- 
tion in a reaction mixture containing O.OL to 0.05 M evsteine (Fig. 4). Con- 
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hig. 3. Absorption speetrum of phosphoglucomutase 


siderably lower activity was observed when the enzyme was diluted with 
cevsteine instead of water and then tested in the presence of cysteime. 

In Fig. 5 it is shown that in evsteine solution the enzyme lost much more 
activity, especially during the early period of incubation, than in WCT solu- 
tion. That such an inactivation by evsteine does not oecur while the 
enzyme is acting on its substrate is shown in Fig. 1; the reaction remains 
linear until about 60 per cent of the l-ester is converted to G-ester, At 
equilibrium in Fig. 1 the relative amounts of glucose-l-phosphate and = glu- 
cose-h-phosphate were 5.5 and 94.5 per cent, respectively. 

The ervstalline enzyme was active without added Mg**, but it was not 
possible to ascertain whether the enzyme could act in the complete absence 
of Mg**, inasmuch as traces of the ion present in the preparation or bound 
to the protein could have been responsible for the observed activity. ‘The 


optimum range of Mg** concentration, between 0.0005 and 0.0025 M, pro- 
duced a 4-fold activation (Fig. 6). The decrease in activity with higher 
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Mg** 
salts (2). In crude muscle extracts, in which mutase was active even when 


no cysteine was added, Mn** could be used in place of Mg** to increase 
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concentrations is due to an unspecific inhibition of the enzyme by 
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Fig. 4 5 
1. The effect of cysteine concentration on the activity of phosphoglucomutase 


ptt 7.5, and 0.0025  Mg**. 
5. Comparison of the effect of incubation of the enzyme in 0.05 m cysteine 


solution (@) and 0.05 um KCI solution (x) at 30°, pIH1 7.5. The activity was measured 
in both cases in the presence of 0.05 wt eysteine and 0.0025 m Mg**. 
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Fic 
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6. The effeet of Mg’* concentration on the activity of phosphoglucomutase 
pH 7.5, and 0.05 m cysteine 


. 7. The effect of pl! on the activity of phosphoglucomutase at 30°, 0.006 m 


and 0.05 cysteine. 


enzyme activity (2). It was not possible to study the effect of Mn*t* on the 
purified enzyme, as it forms a complex with cysteine which inhibits enzyme 
activity. The optimum pH for the enzyme activity was 7.5 (Fig. 7). It 
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Was not possible to test the enzyme at pH values higher than 7.8 because of 
the formation of magnesium hydroxide. 


The turnover number per 100,000 gm. at 30° and pH 7.5 was calculated " 
to be 16,800 moles per minute. - 
W 
Ill | 
Fluoride Inhibition of Phosphoglucomutase W 
The reaction mixture contained 1.4 to 1.8 y phosphoglucomutase, 0.05 M cysteine, Ce 
pH 7.5, and varying concentrations of the other components shown in the table, 
All concentrations are expressed in moles per liter. W 
Per cent i l 
Glucose-1- 
Variable Meg F (initial Per cent n 
concentration) inhibited 
activity Ir 
4 
Mg 5.0 107% 5.0 xX | 2.2X 5.45 1.50 10°? 
1.0 1073 5.0 & 1074 2.2x0* | 2.07 K 10°" 
9.0 1.0 X 10°3 2.2 xX 10°3 1.42 1.56 & 10°" 
1.0 X 10° 1.0 X 10°3 2.2 10-3 0.89 1.96 t] 
5.0 K 10™ 2.0 X 10° 2.2 X 10° 0.28 1.23 10°! 
1.0 10° 2.0 X 10° 2.2 X 0.30 2.64 
5.0 10-4 5.0 X 2.2 10°° 5.45 150 10° 
| | 22x 10° 142 1.56 X 1072 | 
5.0 XK 1.5 X 10-3 2.2 1073 0.71 1.76 X 10°" J 
5.0 10-4 2.0 X 10-3 2.2x 0.39 1.72 xX 10% 
5.0 1074 3.0 K 29x 10°3 0.22 2.18 108 
(;-1-P 1.0 1.0 10-3 1.56 1556 lo 
LOX 10% = =1.0 10° 10% 0.77 1.54 & 10% 
1.0 10% 1.0 10% 30x lo? 0.35 1.05 lo}® 
( 
Average 17 xX 
( 
* (Mg! iglucose-l-phosphate| iduat = = I 
7) inhibited activity 
\ 
Fluoride Inhitition 
Warburg and Christian (7) showed that the inhibition of enolase by tluo- 
ride was due to the formation of an inactive magnesium-fluoro-phospho- 
enolase complex, according to the equation 
residual activity | 
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The fluoride inhibition of phosphoglucomutase was studied in a similar 
manner and was found to be dependent on the concentration of the three 
jons, Magnesium, fluoride, and glucose-l-phosphate (Table Ill). Thus 
when the concentration of any one ion was varied, and the concentration of 
the other two ions kept unchanged, a reasonably constant A was obtained 
with the above equation. The value of the constant obtained under these 
conditions averaged 1.7 

It appears that a magnesium-fluoro-phosphate-enzyme complex is formed 
which is inactive. ‘The phosphate in this complex is the substrate glucose- 
I-phosphate and probably also its conversion product, glucose-6-phosphate. 
However, inorganic phosphate also forms an inhibitory complex with mag- 
nesium and fluoride, inasmuch as the addition of inorganic phosphate 
increases the inhibition over and above that exerted by the magnesium- 
fluoro-l-ester complex. 

The concentration of fluoride that gives half maximum inhibition is deter- 
mined by the concentration of magnesium and l-ester. With a 1-ester 
concentration of 2.2 mM and a magnesium concentration of 5 X 
the concentration of fluoride that gave half maximum inhibition was 1.0 X 
10? uM. With twice the concentration of magnesium and at the same con- 
eentration of l-ester, the fluoride concentration for half maximum inhibi- 
tion was 0.70 & 


The author wishes to thank Mr. Robert Loeffel for carrying out the 
electrophoresis study reported in this paper. 


SUMMARY 


1. A method has been deseribed for the isolation of the enzyme phospho- 
glucomutase in crystalline form. The enzyme constituted about 2 per cent 
of the protein extracted from muscle by water and was obtained in the form 
of thin fragile plates in a yield of about 20 per cent. The activity per mg. 
of protein Was increased about 50-fold in the course of purification, and the 
product after reervstallization was electrophoretically homogeneous. 

2. ‘The enzyme was most stable at pH! 5.0 in acetate buffer of 0.1 to 0.3 
M, while the optimum for activity was at pl 7.5. For measurement of its 
activity the enzyme, after dilution with ice-cold water, was added to the 
reaction mixture containing cysteine. Without cysteine in the reaction 
mixture the enzyme was practically inactive. Mgt? at an optimum con- 
centration of 0.005 to 0.0025 mM increased the activity 4-fold. 

3. The turnover number per 10° gm. of protein per minute at 30° and 
pl ri corresponded to the conversion of 16,800 moles of glucose-1|-phos- 
phate to glucose-6-phosphate. 

4. The enzyme was inhibited by fluoride in the absence of inorganic 
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phosphate. By varying the concentration of the three reactants, it Was 
shown that a complex of [Mg]|F]*[organic phosphate] was formed which 
was presumably competing with magnesium for the enzyme. 
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THE EFFECT OF SEVERE HEAT TREATMENT UPON THE 
AMINO ACIDS OF FRESH AND CURED PORK* 


By J. F. BEUK, F. W. CHORNOCK, ano E. E. RICE 
(From the Research Laboratories, Swift and Company, Chicago) 


(Received for publication, March 15, 1948) 


On the basis of animal experimentation, heat has been shown to have a 
deleterious effect on proteins (1-13). Some investigators have intimated 


' that dry heat destroys certain amino acids because the addition of these 


amino acids to the heated protein improves the biological value; others 
have claimed heat damage to be due to decreased digestibility of the heated 
proteins. | 

Fairbanks and Mitchell (1) showed that the addition of lysine to scorched 
skim milk powder increased the biological value, but that the addition of 
extra cystine did not. Additions of lysine and histidine, but not cystine, 
tyrosine, or tryptophan, increased the biological value of the heated casein 
studied by Greaves, Morgan, and Loveen (2). Similarly, Clandinin ef al. 
(3) found that supplementing an overheated soy bean meal with lysine and 
methionine increased the growth rates of chicks. Hodson and Krueger 
(4) and Eldred and Rodney (5) reported losses of lysine in heated evap- 
orated milk and heated casein, respectively. 

That the digestibility of protein is impaired by dry heat was reported 
by Chick (6), who found that heating lactalbumin lowered its biological 
value and significantly decreased its digestibility. Heating casein at a 
higher temperature decreased both the biological value and the digestibil- 
ity. Using total protein or sulfur, cystine, or methionine in the undigested 
protein as criteria, evans (7) reported raw soy bean meal and meal which 
had been autoclaved for 30 minutes at 100-130° to be more digestible 
than meal which had been autoclaved at 130° for 60 minutes as deter- 
mined either by the Chick method or in vei/ro with trypsin and erepsin. 
Seegers and Mattill (S) found a marked decrease in the digestibility of the 
protein of dried liver which had been heated for 72 hours at 120°. How- 
ever, acid hydrolysates of fresh liver and heated liver gave approximately 
equal growth rates, biological values, and digestibilities when supplemented 
by tryptophan. These writers stated: “It is believed that the low biologi- 
eal value ... is the result of a decreased digestibility such that the result- 
ing amino acid proportions are not representative of the original protein.”’ 

Block «f a/. (9) and Zittle and Eldred (10) have shown that raw and 


* Presented before the Division of Biological Chemistry of the American Chemical 
Society at New York, September 17, 1947. 
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heated casein yielded the same amounts of lysine on acid hydrolysis de. 
termined by chemical isolation and by lysine decarboxylase methods, re. 
spectively. Riesen ef al. (11), using microbiological assays of soy bean oj 
meals for individual amino acids, found that autoclaving 4 hours decreased 
the amounts of lysine, arginine, and tryptophan which could be liberated 
by 2 nN HCl. Enzymatic digestion, measured in terms of amino aeids 
liberated, improved during proper heat treatment but decreased after pro- 
longed heating. 

There have been few investigations of the conditions normally existing 
in the preparation of edible meats. These have indicated that heating 
causes slight, possibly insignificant, reductions in amino acid contents 
Thus Schweigert ef al. (12) showed retention of 86 to 106 per cent for ley- 
cine, isoleucine, and valine during the curing and cooking of various cuts 
of meat, and Greenhut ef a/. (13) found the retention of tryptophan and 
phenylalanine to be 73 to 96 per cent and 91 to 110 per cent, respectively, 
for several types of meat. No losses of lysine were found by Wilder and 
Kraybill (14) during the cooking of fresh pork, but a 12 per cent loss was 
shown for an autoclaved pork luncheon meat. 

The small losses always pose the question as to whether amino acids have 
been destroyed or whether experimental conditions have prevented meas- 
urements sufficiently exact to detect the amount of loss. The use of ex- 
treme conditions similar to those which have been shown to reduce the 
biological values of dry proteins offers a means of detecting possible losses 
and of estimating the significance of losses which may occur in normal proe- 
essing. This technique has been applied in the present study of the effeet 
of heat upon the amino acid content of fresh and autoclaved pork. 


EXPERIMENTAL 


Preparation of Samples — A 50 pound Jot of lean pork trimmings was com- 
minuted in a high speed chopper (‘silent cutter’), mixed several times to 
assure uniformity, and divided into two portions. One portion was mixed 
with a standard commercial curing formula;' the other remained untreated. 
Both were held in a cooler at 2-3° for 48 hours. This holding period was 
necessary to permit normal curing of the meat. The two lots of meat were 
mixed separately and then packed in 5 ounce cans and sealed under a 
vacuum in a semiautomatic can closer. Several cans of each portion were 
stored at —29° as controls. The remaining cans were autoclaved for 24 
hours at 112°, cooled immediately with cold water, and stored at —29°. 

Preparation of Hydrolysates —Acid hydrolysates of each of the four sam- 


! This formula contained salt, sugar, nitrate, and nitrite in proportions conforming 
to the regulations of the United States Department of Agriculture, Bureau of Animal 
Industry. 


p 
n 
te 
i 
a 
( 
I 
{ 


J. F. BEUK, F. W. CHORNOCK, AND E. E. RICE 293 


ples were prepared by refluxing 10 gm. portions with 100 ml. quantities of 
§x HC] for 8 hours. Previous experiments had indicated these conditions 
to be adequate for complete liberation of the amino acids and that the treat- 
ment destroyed no detectable amount of any amino acid other than tryp- 
tophan. 

Enzyme digests of the samples were prepared by treating 10 gm. portions 
suspended in 100 ml. quantities of water with 100 mg. of commercial tryp- 
sin powder. ‘The suspensions were adjusted with NaOH to pH 7.5 and 
incubated for 24 hours at 37°. Then 100 mg. quantities of erepsin were 
added to the suspensions which, after readjustment to pH 7.5, were in- 
eubated for an additional 24 hours. ‘The pH values of the digests were 
checked periodically during the 48 hour incubation and readjustments were 
made whenever necessary. ‘Toluene was used as a preservative through- 
out the incubation periods. At the completion of the trypsin-erepsin treat- 
ment, the digests were brought to pH 4.5 and heated in a steam bath to 
inactivate the enzymes and to remove the toluene. 

Acid and enzyme hydrolysates were diluted to 250 ml. volumes, filtered, 
and stored at 2°. The hydrolysates were neutralized during subsequent 
dilutions. The amino acid contents of enzymatic digests of raw pork made 
in this way were generally slightly lower than those of the acid hydrol- 
ysates (see the second column in Tables | and II). This may have been 
due to losses during filtration, since filtered enzyme digests of raw pork 
contained 5 to LO per cent less nitrogen (corrected for nitrogen of the en- 
zyme) than did the acid hydrolysates. 

Assay Procedures —Except for contirmatory tests with the chemical 
method for histidine (15), microbiological assay methods were used exclu- 
sively in this series of experiments. Leucine, isoleucme, valine, methio- 
nine, and tryptophan were determined by use of Lactobacillus arabinosus 
17-5 with the medium described by Shankman (16). Cystine, methionine, 
and lysine were determined with Leuconosioc mesenteroides P-60 with Me- 
dium C of Dunn ef al. (17), modified by a 5-fold increase of arginine (Kirch 
(18)). Histidine was determined with S/replococeus lactis R and arginine 
with Lactobacillus delbrucckii LDS with the media described by Stokes et 
al. (19). The media and the manipulative techniques were essentially 
those reported except that final volumes in the assay tubes were 5 ml. and 
that 0.05 “ sodium hydroxide was used for titrations. 

Determination of Effect of Autoclaving—Vo determine the effect of severe 
autoclaving, enzyme digests and acid hydrolysates of fresh, autoclaved, 
fresh cured, and autoclaved cured samples were prepared. All solutions 
were assaved simultaneously for each amino acid. Check analyses made 
several months later confirmed the initial values. Average values and re- 
tentions are listed in Tables Land II. For simplicity, the values are given 
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per gm. of sample, this being a valid basis since there Was no opportunity 
for change in weight during autoclaving. 


DISCUSSION 


Analysis of the acid hydrolysates of the autoclaved samples indicated 
almost 100 per cent retention of the amino acids except cystine. Cystine 
showed a 56 per cent retention in both fresh and cured samples after auto- 
claving (Table I). A sulfide odor from the autoclaved samples indicated 
the possible breakdown of a sulfur-containing amino acid. 

Since tryptophan is acid-labile, analyses for that amino acid were not 


TABLE | 


Acid Hydrolysis; Retention of Amino Acids in Fresh and Cured Pork after 
Autoclaving at 112° for 24 Hours 


Fresh pork Cured pork 
Raw Autoclaved Retained Raw Autoclaved Retained 
ms. pergm mg. per gm. per cent mg. percgcm. mg. per gm. per cent 
Threonine. . G0) 1) 7 8.7 100 
Leucine. _. 13.5 13.5 13.3 13.3 100 
Isoleucine... 9.3 103 102 
Valine .... 9.5 9.7 102 9.5 Of 10] 
3.8 3.9 10 3.7 100 
Phenylalanine 6.5 6.6 101 H.6 103 
Cystine... 2.7 1.5 2.7 1.5 
Lysine.... 14.0 13.2 13.4 12.8 
Arginine. . 7.8 7.8 1.5 7.4 an 
Tryptophan* 1.00) 1. 00 100 


* Alkaline hydrolysis (possibly slight destruction during refluxing (20)). 


made on the acid hydrolysates. Assays of alkaline hydrolysates (5 N NaQH 
for 8 hours, under a reflux) gave similar values for fresh and autoclaved 
samples. The 1.9 mg. of tryptophan found per gm. of sample correspond 
to 1.1 per cent tryptophan in the protein, a value slightly lower than the 
1.4 per cent reported by Greenhut ef al. (20). Apparently, partial destruc- 
tion of tryptophan occurred during refluxing, an occurrence which would 
be expected in view of the report of the latter authors that alkali partially 
destroys and racemizes the tryptophan. However, if there were equal 
rates of loss during hydrolysis of the raw and autoclaved samples, the LOO 
per cent retention value for the autoclaved sample should be valid. 

The apparent amino acid retention based on enzyme hydrolysates varied 
from 27 per cent for cystine to 56 per cent for leucine in the autoclaved 
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fresh sample and from 43 per cent for cystine to 65 per cent for isoleucine 
in the autoclaved cured samples (Table II). ‘This finding is in accord with 
the marked reduction in the biological values* of these raw and cured pork 
samples during autoclaving, as found by Lockhart.* Loss of cystine was not 
in itself sufficient cause for the decreases in biological value, as indicated by 
failure of cystine to improve markedly the rate of gain when added to the 
diet in place of a small amount of the protein. Replacement of autoclaved 
protein. with raw protein permitted rapid gain. ‘The low apparent reten- 
tion cannot be due to the destruction of the amino acids during autoclaving, 
since the acid hydrolysates showed a definite loss of cystine only. It may 
be caused by a decrease in the digestibility of the protein in the autoclaved 


TABLE II 


Enzyme Hydrolysis; Retention of Amino Acids in Fresh and Cured Pork after 
Autoclaving at 112° for 24 Hours 


Fresh pork | Cured pork 

Raw /Autoclaved Retained | Raw Autoclaved| Retained 

me. pergm. mg. pergm. | per cent | mg. pergm. mg. per gm. per ceni 
Leucine. ... : | 3 7.4 56 | 11.6 6.6 57 
Isoleucine | 4.3 49 7.6 4.9 65 
Valine... 9.3 5.0 5A 93 | 5.4 58 
Methionine... 3.9 1.8 48 49 
Phenylalanine 6.8 3.2 47 6.5 | 3.4 54 
Lysine... 13.7 6.4 47 | 64. 
Arginine. 7.4 3.8 52 7.0 3.8 | 56 
Histidine 5.3 2.8 53 4.6 2.9 | 63 
1.7 0.6 35 1.6 0.6 | 38 


Tryptophan 


samples. ‘lhe curing mixture does not seem to affect the retention of the 
amino acids whether measured on acid or enzyme hydrolysates. 

Enzyme digestion of raw samples yielded clear solutions in which small 
amounts of finely divided material were suspended. Similar treatment of 
autoclaved meat resulted in turbid solutions containing a larger quantity 
of insoluble particles. Micro-Ixjeldahl analyses showed precipitates from 
enzyme-digested raw meat to contain 3 to 5 per cent of the nitrogen of the 
sample; those from autoclaved samples contained 9 to 16 per cent. Hence, 
part of the low apparent retention is due to the removal of insoluble mate- 
rial during filtration of the digests of cooked samples. This, however, 


? Rat growth comparisons. 
* Unpublished data, Lockhart, H. B., Research Laboratories, Swift and Company. 
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cannot account for the entire apparent loss, since calculation of the values 
for the filtrates on a nitrogen basis did not greatly improve recovery values. 
Furthermore, the nitrogen content of the precipitates removed from enzyme 
hydrolysates of the cooked samples amounted to only 9 to 16 per cent of 
the total nitrogen, but the lowest apparent amino acid loss was 35 per cent. 
This would indicate the presence in the filtrates of some amino acids in a 
form not available to the bacteria used in making the assays. 

To determine whether the amino acids in the enzyme digests could be 
recovered by acid hydrolysis, unfiltered enzyme digests of the four samples 
were treated with 8 N HCI for 8 hours as described under ‘*Preparation of 


TABLE IIIT 


Enzyme Hydrolysis Followed by Acid Hydrolysis; Retention of Amino Acids in 
Fresh and Cured Pork after Autoclaving at 112° for 24 Hours 


Fresh pork Cured pork 

Raw Autoclaved Retained | Raw ~Autoclaved) Retained 

me. pergm. me. per gm. per cent | me. pergm. meg. per gem. percent 
Leucine....... | 13.6 14.8 12.9 
Isoleucine..... 9.4 106 8.5 105 
Methionine... .. 3.7 3.9 105 3.6 3.6 100) 
Phenylalanine 6.3 6.5 103 5.3 5.1 
Cystine....... | 2.6 1.4 54 2.3 1.4 57 
6.5 6.8 108 6.6 6.5 Og 


hydrolysates.”” This procedure did not appreciably affect the values for 
raw samples, but it did increase the amino acid levels found for the auto- 
claved samples to such an extent that no marked losses were indicated 
except for cystine (Table III). These values agree with those in Table J 
within the range of experimentalerror. Furthermore, preliminary analyses of 
acid-hydrolyzed filtrates of enzyme-digested, cooked samples indicated in- 
creases in the quantities of amino acids available to the test organisms. 
Definite increases in total free amino acids measured by the method of 
Folin, as modified by Sahvun (21), are obtained under such circumstances. 

Since the amino acids, except cystine, survive autoclaving for 24 hours 
at 112°, it is to be expected that the much less severe household and com- 
mercial processes would likewise cause no losses other than possibly that of 
cystine. Whether or not reductions in biological values or in enzyme di- 
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gestibility would occur under the milder conditions of normal cooking 
schedules remains to be determined. 


SUMMARY 


Determinations of the effects of severe heat treatment upon the amino 
acids of fresh and cured pork were made by comparing the amino acid 
contents of the raw and cured pork with those of samples which had been 
autoclaved at 112° for 24 hours. 

Analyses of acid- or alkali-hydrolyzed autoclaved samples indicated com- 
plete retention of arginine, histidine, isoleucine, leucine, lysine, methionine, 
phenylalanine, threonine, tryptophan, and valine. The retention of cys- 
tine Was 56 per cent. 

Low apparent retention (27 to 65 per cent) was observed when the auto- 
elaved samples were hydrolyzed with enzymes. However, treatment of 
these enzyme hydrolysates with acid permitted recovery of the initial 
amounts of all of the amino acids except cystine. The low apparent reten- 
tion was probably due to the failure of the enzymes to lhberate completely 
all of the amino acids of the autoclaved pork. Part of the bound amino 
acid fraction is soluble but unavailable both to bacteria and to rats. 

The failure of severely treated pork to show losses of amino acids other 
than cystine makes it seem improbable that ordinary cooking or processing 
operations destroy any significant amounts of amino acids except cystine. 
Decreases in the enzyme digestibility suggest the possibility that the milder 
processes of home or commercial cooking may likewise decrease digestibil- 
ity, but that the changes may not be detectable under normal conditions. 
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INCORPORATION IN VITRO OF RADIOACTIVE CARBON FROM 
CARBOXYL-LABELED pit-ALANINE AND GLYCINE INTO 
PROTEINS OF NORMAL AND MALIGNANT RAT LIVERS* 


By PAUL C. ZAMECNIK, IVAN D. FRANTZ, Jr., ROBERT B. LOFTFIELD, 
and MARY L. STEPHENSON 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University, at the Massachusetts General Hospital, Boston, and the 
Laboratory of Nuclear Science and Engineering, Massachusetts 
Institute of Technology, Cambridge) 


(Received for publication, April 14, 1948) 


The greater growth rate of a malignant tissue as compared with its tissue 
of origin implies an increased net rate of protein synthesis (total synthesis 
minus degradation). It was demonstrated recently (1) that C-labeled 
alanine can be incorporated into proteins of liver slices by incubation of the 
slices in a Krebs-Ringer-phosphate (2) solution containing the alanine. 
The present work applies this technique to the question of whether or not 
a malignant tissue zn vitro synthesizes peptide bonds more rapidly than does 
its normal counterpart. Use of the tissue slice rather than the whole ani- 
mal was chosen in order to study protein synthesis under conditions more 
readily within experimental control than those in the living animal. 


Materials and Methods 


Young male rats of the Harvard colony! were placed for 4 months on a 
diet containing p-dimethylaminoazobenzene (3). At the end of this time 
they were returned to a normal ration.? 2 months thereafter, exploratory 
laparotomies were performed. Note was made of those animals bearing 
small, isolated hepatomas. During the next month, individual rats were 
killed by decapitation, and the livers were quickly removed. Hepatoma 
nodules approximately | cm. in diameter were carefully dissected free from 
adjacent liver. Such nodules were firm, pearly white, and free from gross 


* Presented in summary at the meeting of the American Association for Cancer 
Research, Atlantie City, March 12, 1948. 

This work was supported in part by grants-in-aid from the American Cancer 
Society (recommended by the Committee on Growth of the National Research Council) 
and the Godfrey M. Hyams Fund, and in part by contracts of the Office of Naval Re- 
search with Harvard University and with the Massachusetts Institute of Technology. 

This is Reprint No. 647 of the Cancer Commission of Harvard University. 

' These rats were obtained originally from Sprague-Dawley stock. The strain has 
been kept in Hisaw’s laboratory during the past 15 years, with brother and sister 
inatings being done over several generations periodically. 

Pratt’s Nurishmix. 
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evidence of necrosis. In several experiments, larger nodules were used, 
and here the peripheral, firm portion, approximately 5 mm. in thickness, 
was selected for slicing. Sections 0.5 mm. in thickness were cut by means 
of a Stadie-Riggs (4) slicer. Similar slices were cut from grossly non- 
malignant portions of the same liver and from the livers of control rats of 
the same strain and sex. 

We were early made aware of the rather frequent great variability of one 
slice from another in its capacity to incorporate alanine into its proteins, 
Difference in pressure exerted on each section during the cutting, in cell 
trauma inflicted by the knife, and in the proximity of the section itself to 
the surface of the liver or to the larger portal vessels may offer partial ex- 
planation for this unpredictable behavior of sections grossly similar. As 
a routine practice, blocks of tissue of the order of 8 K 6 X 5 mm. in size 
were cut, and then sectioned on the slicer. The top and bottom slices were 
regularly discarded. 

Pieces from areas adjacent to those used were also routinely saved 
for histological examination. The tumors were principally parenchymal 
cell hepatomas, type If (5). In a number of tumors there were also 
smaller areas consisting of adenocarcinoma, hepatoma type I, and bile duct 
proliferation. In some cases, peritoneal and diaphragmatic metastases 
provided additional evidence of malignancy. ‘The grossly non-malignant 
portions of the hepatoma-containing liver uniformly showed evidence of dif- 
fuse nodular hyperplasia and cirrhosis. The primary hepatoma was chosen 
for the present study because it provided opportunily for comparison of the 
malignant tumor tn each case directly with its tissue of ortqin tn the same ant- 
mal, 

Into Warburg flasks were pipetted 1.0 ec. of Ikrebs-Ringer-phosphate 
solution and 0.1 ec. of a solution containing O44 mg. of C'-carboxyl- 
labeled pi-alanine (6). The total radioactivity per flask was approximately 
10,000 counts per minute, as measured by solid counting. The pl of 
these two constituents was 7.40. ‘lwo slices of control liver or three slices 
of hepatoma were usually added to a single flask, because the amount of 
protein in two slices of control liver was found to be approximately equal 
to that in three slices of hepatoma. 0.2 ce. of 10 per cent potassium hy- 
droxide was placed in each center well. The flasks were incubated, with 
shaking, in 100 per cent oxygen at 37.5 tor hours. Manometer readings 
taken at 15 minute intervals showed a relatively near oxvgen consumption 
throughout the experiment. 

At the end of the incubation, the slices were removed and rinsed twice 
with 20 ce. portions of water. They were then placed in a test-tube, with 
5 ce. of a solution containing 50 mg. of mert pL-alanine, and were homo- 
genized. Next, 5 ec: of 20 per cent trichloroacetic acid were added, and 
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the precipitated proteins were treated as previously described (1). Briefly, 
they were washed and hydrolyzed, and the ninhydrin procedure (7) was 
used to split off the a-carboxyl groups of amino acids present in the hydrol- 
ysate (plus the y-carboxyl of aspartic acid). The carbon dioxide thus lib- 
erated was trapped in barium hydroxide, and the amount of barium car- 
bonate formed was determined by titration of the uncombined excess of 
barium hydroxide with 0.249 ~ hydrochloric acid. 

Under our experimental conditions, we have found 0.2 to 0.3 mm to be the 
maximum amount of carbon dioxide one can evolve in the ninhydrin pro- 
cedure without the risk occasionally of driving contents of the ninhydrin 
vessel over into the barium hydroxide during the boiling process. 

All samples reported in this paper were counted as barium carbonate, 
with a commercially available’ end window counter said to have a mica 
window of thickness 1 mg. per sq. em. After titration of the barium hy- 
droxide unneutralized by carbon dioxide from the ninhydrin reaction, the 
barium carbonate was filtered onto No. 42 filter paper and mounted on 
brass disks, In essentially the manner described by Henriques, Kistiakow- 
sky, Margnetti, and Schneider (8). Before removal from the filtration 
apparatus, the samples were washed with water and acetone. Air was 
then drawn through for a few minutes. Weighing of the solid samples of 
BaCQO, was found to be unnecessary, because the weights could be caleu- 
lated with sufficient accuracy from the titrations. We established this 
fact by filtering some samples in fritted glass funnels, drying, and weighing. 
The weights agreed with the formula BaCQOs, for the precipitate. Further 
evidence for this composition was provided by the fact that the theoretical 
yield was obtained when sulfuric acid was added to the precipitate and the 
CO. measured in a gas burette. 

Because sufficient material was not available from the slices to provide 
a layer of barium carbonate of “infinite thickness,”’ corrections for self- 
absorption were necessary. We corrected all counts to the values that 
would have been obtained with 0.1 mm thickness (5.4 mg. per sq. em., 
with our apparatus). This point of reference was chosen so that the cor- 
rection factors would differ little from unity. All counts are expressed in 
this way unless stated otherwise. 

Correction factors covering the range of sample sizes encountered in this 
investigation, calculated from our experimental data, are plotted in Fig. 
1. Our data are in fair agreement with the curves presented by Yank- 
wich, Norris, and Huston (10). Five points calculated from their Table I 
are included in Fig. 1. 

For measurement of the activity incorporated into the slices, only 1024 
counts were collected in most cases. With the less active samples, which 


* Radiation Counter Laboratories, Chicago, Ulinois. 


} 
* 
te 
rs 
ag 
a 
j 
3 
7 
j 
& 
4, 
£ 


302 c4 IN LIVER PROTEINS 


gave net counting rates about equal to the background (15 counts per 
minute), the probable error due to statistical fluctuations was therefore 
about 5 per cent. 


Mg BoCO3/CM? 


2 4 6 10 
ig} 
16 ‘ 
S14 
S 
1O 
005 O10 O15 020 


Mi/timoles BaCOs 


hic. |. Correetion factors for converting the number of counts per minute ob- 
served tothe number that would have been observed if exactly 0.1 mw of barium car- 
bonate of the same specific activity had been counted. O, obtained from samples of 
BaCO,; of varying weights and constant specific activity; @, from samples of varying 
weights and constant total activity; 0, ealeulated from Table Lof the paper by Yank 
wich, Norris, and Huston (10); @, caleulated from the approximate theoretical 
equation presented by Henriques, Kistiakowsky, Margnetti, and Schneider (8): 
= 1—e (ed). The mass absorption coefficient, «, is assumed to be 0.28 sq. 
em. per mg. for C'™. Solomon, Gould, and Anfinsen (9) quote the value 0.285 + 
0.008 from a personal communication from Yankwich. Al samples were prepared by 
addition of a slight excess of a solution of BaCl, to a solution of NacC'™O, and filtra 
tion in the usual manner. The weights were calculated from the molarity of the 
NazCO;, which was checked manometrically with the Van Slyke manometric gas 
apparatus and gravimetrically by filtration of BaCO, precipitates in fritted glass 
funnels. 


Table | illustrates the over-all reproducibility of the method, including 
the decarboxylation, titration, transfer, filtration, mounting, and counting, 
with material of activity high enough to reduce statistical fluctuations be- 
low the other errors. 


| 
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Table II presents similar data from aliquots of a tagged hydrolysate of 
comparatively low activity. 


Results 
The principal results of the experiments are listed in Table III, which 
indicates that the rate of incorporation of C™ from labeled alanine into the 


Taste 
Over-Al Reproducibility, with Samples of High Specific Activity 


Net counts per min. Deviation from mean 


Each sample was prepared by decarboxylation of 0.1 mm of labeled pL-alanine. 


TABLE Il 
Over-All Reproducibility, with Samples of Low Specific Activity 


mu BaCOs Net counts per min. Deviation from mean 
per cent 
0.126 30.0 6.1 
0.126 31.9 0.4 
0.127 33.3 3.7 
0.127 34.2 6.4 
0.126 30.7 3.6 
0.127 30.2 6.1 
0.191 37.2 4.7 
0.167 34.9 1.0 
0.066 22.9 9.4 


These samples were prepared by decarboxylation of aliquots of a tagged protein 
hydrolysate. 


proteins of the hepatoma slices ts consistently greater than it is into slices of 
normal control liver and into the grossly non-malignant pari of the hepatoma- 
containing livers. \t is clear that the difference in counts per minute per 
0.1 mat of barium carbonate obtained in duplicate vessels Was in some cases 
large. \s mentioned previously, this is interpreted as a reflection of some 
unknown biological difference between the slices themselves rather than an 
indication of some artifact introduced in processing the finished slice (¢f. 
Tables | and II for reproducibility of recovery and counting procedures). 


1127 3.6 } 

1049 3.6 

1107 1.7 

1064 1.5 4 

1103 1.0 4 

1079 1.0 
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The number of millimoles of barium carbonate present in the samples js 
of course a measure of the total amount of protein present in the slice, 

Separations of Amino Acids--The question arises as to whether all of 
the C™ detected in the protein hydrolysates resides in the carboxyl group 


Incorporation of Radioactivity Derived from Alanine into Proteins of Normal Liver and 
Hepatoma 


Control part of hepatoma. 


containing liver® Hepatoma 


Normal control liver 
Experiment 


No. ——- ---— 
mu BaCO,; mM BaCOs mu BaCO, 
| 0.125 44 0.125 SS 0.140 279 
0.110 10) 0.125 7s 0.116 $26 
0.203 3] 0.099 0.083 230) 
0. 30) 0.099 0.096 194 
3 0.109 S5 0.102 111 0.008 S04 
0.087 61 0.096 112 0.090 478 
0.093 46 
0.112 40 | 
4 0.176 27 0.075 | 193 
0.202 2s 0.112 199 
0.149 30 0.130 0.146 95 
0.208 23 0.160 3b 0. 166 109 
0.263 7 0.149 Q.1S7 16a 
0.263 24 116 0.131 28} 
0.241 73 0.166 253 
0.191 SI 0.161 268 
7 0.174 36 0.174 G4 0.127 329 
0.131 57 0.138 145 0.139 275 
~ 0.189 21 
0. 200 25 
0. 108 30 
0.113 32 
Average 0.157 37 0.148 0.127 255 


In each experiment, duplicate vessels were set up for each type of liver slice. Re- 
sults from each of the vessels are recorded. In a single experiment, frequently all 
three types of livers were used. 

* The non-malignant part of a liver which contains hepatoma nodules. 

+t Pregnant female rat. All other animals are adult males. 


of alanine, or whether some or even all of it is present in other amino acids. 
Upon the answer to this question rests the validity of this method of ap- 
proach to the problem of protein synthesis. In particular, the advisability 
of using carboxyl-labeled compounds is at stake. Besides the greater ease 
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of preparation, use of such compounds has the advantage that the ninhydrin 
procedure, specific for amino acids, is available for recovery of the radio- 
active carbon. Radioactive carbon dioxide thus appears in the samples 
for counting with specific activity several times that of material obtained 
by combustion. Unless the possibility of appreciable transfer of activity 
to other amino acids can be eliminated, great difficulty in the interpretation 
of results arises, and for many purposes the advantages mentioned are out- 
weighed. ‘lo follow this line of reasoning along, it is likely that pyruvate 
is formed to some degree as a result of deamination of p- and L-alanine. 
The carboxyl-labeled pyruvate may then be further degraded to acetate and 
labeled carbon dioxide, or incorporated into the tricarboxylic acid cycle. 
Radioactivity originating in bicarbonate or pyruvate might conceivably 
appear in carboxyl groups of both aspartic and glutamic acids (cf. (11)). 
This possibility is rendered less likely because carbon dioxide is trapped in 
the center well in the present experiments and therefore is less available for 
incorporation into these two amino acids. ‘There is the further possibility 
that the carboxyl group of amino acids other than alanine and the above 
two might become labeled by some mechanism as yet unknown. 
For the solution of the problem at hand, a method for total, quantitative 
separation of the amino acids in the hydrolysates would be desirable. 
acking such a method, we obtained fairly complete separations of four 
amino acids by adding a large amount of the amino acid in question to the 
tagged hydrolysate and recrystallizing. The procedure was as follows: 
Ten Warburg flasks containing three hepatoma slices and a medium con- 
taining radioactive alanine were incubated for 3} hours in oxygen. The 
slices were pooled and homogenized, and the proteins were prepared and 
hydrolyzed, with the usual precautions to prevent contamination with 
tagged alanine from the suspending medium. Excess hydrochloric acid 
was removed by distillation in vacuo at a temperature below 40°. The pH 
was adjusted to 6.8 by addition of ammonia. The volume was adjusted 
to 10 ce., three 1 ce. aliquots were decarboxylated, and the activity meas- 
ured. ‘To four other 1 ec. aliquots were added, respectively, pL-alanine 
150 mg.. glycine 150 L-glutamie acid 50 mg., and pL-aspartice acid 50 
mg. To each of the last three flasks were added 2.5 mg. of pt-alanine in 
order to reduce by dilution possible contamination of the desired amino 
acid with tagged alanine. Each solution was brought to the boiling point, 
and 3 ce. of absolute ethanol were added slowly with heating. The flasks 
Were set uside tor 24 to 48 hours, and the crystals were filtered off. The 
crystals were redissolved in water, more alanine was added to the last three 
flasks, and the procedure was repeated. For the second crystallization, the 
volume of solvents and the amount of alanine added were reduced to allow 
for loss in the first ervstallization, so that the concentrations remained the 
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same. .\ third crystallization was done in the same way. The crystals 
were dried, and aliquots of each amino acid were decarboxylated for count. 
ing. The number of counts per minute found was multiplied by the facto, 


Mg. amino acid added 


Mg. amino acid decarboxylated & ¢.p.m. per ce. hydrolysate 


to give the fraction of the activity in the hydrolysate accounted for by the 
amino acid under consideration. 


Tasie lV 
lest of Effectiveness of Separation Procedure. Results of Crystallizations of Amino 
Acids from Untagged Hepatoma Protein Hydrolysate to Which Was Added 
Radioactive vi-Alanine Following Hydrolysis 


Net count ity i 
Net c $ min. in tota activity in 
Sample No. Amino acid por hydrolysate 
added® for 
mM 
l Glutamic 0.101 2.0 6.8 0.4 
2 6 0.103 3.3 11.2 0.7 
3 Aspartic 0.097 3.1 23 1.5 
4 ” 0.124 2.7 20 1.5 
5 Glycine 0.108 1.6 32 2.1 
6 os 0.093 0.8 16 1.0 
7 Alanine 0.116 85.6 1440 92 
8 “ 0.106 90.9 1530 98 
0.136 91.1 1533 98 
10 a 0.130 88.5 1490 95 
1] ” 0.127 91.0 1530 98 
12 a 0.129 84.9 1490 95 
88.5 1562 100 


13 = 0.129 


Conditions used have been described in the text. Triplicate ninhydrin determina 
tions and counts were performed on 1 cc. aliquots of hydrolysates, with the following 
reproducibility : 0.102 mM, 1543 ¢.p.m.; 0.100 mM, 1567 ¢.p.m.; 0.102 ma, 1580 ¢c.p.m. 
Counts are expressed as net counts per minute in 1 ec. of hydrolysate, if counted ata 
thickness of 0.1 mo of barium carbonate. Since all of the activity in the hydrolysate 
is known to be present as alanine, the percentages reported in the last column for 
Samples 1 to 6 necessarily represent contamination, and the deviations from 100 per 
cent in Samples 7 to 13 are due to experimental error. 
* Corrected to 0.1 mw thickness. 


‘To test the effectiveness of the method of separation, a similar experunent 
was carried out with a hydrolysate of untagged hepatoma proteins, to which 
tagged alanine was added after hydrolysis. The results of these experi- 


ments are presented in Tables IV and \V. 
Within the limitations of accuracy of the experiments, it appears that 
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practically all of the setavity mm the protein is incorporated as alanine. 
Incorporation of a few per cent as other amino acids still eannot be ruled 
out. but we have obtamed no positive evidence for it. 

Rate of Incorporation of Actwity The percentage of alanine present in 
the liver proteins was determined by a colorimetric method (12). The 


V 
Results of CUrystallizations of Amino Acids from Prote in Hydrolysal Prepared from 
Slices of Hepatoma Which Had Been Incubated for 3 Hours with Radioactive 


pi-Alanine 


Counts per 


| COs from Net counts min. in total Per cent activity 

Sample No Amino acid A per min, per amount of in hydrolysate 
0.1 me amino acid accounted for 

added 
ms 

? -.4 S.2 3.8 + 0.8 
3 Aspartic 111 4.5 2.4 + 1.5 
4 U.115 U.4 $.0) 1.4 
(alycme 0.126 U4 Ss 3.¢ t= 3.8 
0.139 0.3 6 2.8 + 3.8 
\lanine 0.126 12.0 202 94 + 4.2 
13.0 21S 102 + 4.3 
4 0.138 12.9 217 101 + $4.7 
1.135 14.1 246 lls + 4.8 
0.138 11.9 200 + 4.7 
12 0.137 11.7 92 + 4.7 


The conditions used are deseribed in the text. Triplicate ninbydrin determina- 
tions and counts were performed on 1 ce. aliquots of hydrolysate: 0.076 ma, 
220 ¢.p.m.; 0.077 mam, 216 ©.p.m.; 0.080 mM, 205 c.p.m. (Counts are expressed as net 
counts per minute in | ce. of hvdrolysateif counted at a thickness of 0.1 mM of barium 
carbonate.) Because of the relatively low specific activity of the hydrolysate in 
comparison with that described in Table IV, statistical fluctuations in counting 
caused appreciable error in this experiment. 1280 counts, divided into four runs of 
$20 counts each, were collected from each sample. Background counts were made 
between individual runs. The probable errors shown refer to error due to statistical! 
fluctuations in counting only. Backgrounds averaged 15.4 ¢.p.m. 

* Corrected to 0.1 mM thickness. 


results obtained on separate normal livers and hepatoma nodules are listed 
in Table VI. 

From these results it is possible to calculate the percentage of radio- 
activity taken up by the liver slice and the rate of incorporation of alanine 
into the slice. 10,000 ¢.p.m., contained in 5 micromoles of pL-alanine, were 
wdded to each vessel. 5000 c.p.m. were thus present in 2.5 micromoles of 


4 
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L-alanine. An average of 62 c.p.m. was incorporated into the proteins of 
the slices in a single vessel. This latter figure represents 1.2 per cent of the 
total counts added as L-alanine. An average of 0.16 mM of amino acids was 
found after hydrolysis of the protein present in the two liver slices contained 
in a single vessel. If 8 per cent of the total moles of amino acids is 1- 
alanine, then there are 13 micromoles of L-alanine present in the slices jn 
a single vessel. Finally, the 62 ¢.p.m. incorporated into the proteins have 
been accounted for almost completely in the alanine fraction of the protein 
hydrolysate. These 62 ¢.p.m. represent 0.03 micromole of L-alanine, or 
0.24 per cent of the total alanine in the slices. In summary, approximately 
0.2 per cent of the total protein-bound alanine in the slices appears to have 
been derived from alanine molecules originating in the incubation medium. 
These rough caleulations do not take into account the possibility that 


Taste VI 
Molar Fraction of Liver Amino Acids Accounted for As Alanine 
Norma! livers Hepatoma nodules 
0.095 0.092 
0.063 0.083 
0.089 0.087 


On aliquots of the same protein hydrolysates, ninhydrin and colorimetric alanine 
determinations were carried out. The moles of carbon dioxide liberated during the 
ninhydrin procedure (minus the carbon dioxide liberated from the y-carboxyl group 
of aspartic acid) represent the number of moles of amino acids present in the aliquot 
used. The colorimetric alanine determination gives a value for the alanine fraction 
of these moles of amino acid. 


p-alanine may be acted on by pb-amino acid oxidase to yield pyruvic acid, 
and then converted to L-alanine by transamination. 

Experiments with Labeled Glycine -It may be stated on the basis of the 
foregoing experiments that the rate of uptake of alanine into the proteins of 
hepatoma slices is greater than it is into the proteins of normal liver slices. 
The question now arises whether this difference is peculiar to alanine metah- 
olism or Whether it may hold for other amino acids as well. With this 
question in ‘mind the following experiment was performed. Slices were 
made from three types of hepatic tissues. To the incubating medium of 
certain of the slices was added, as usual, carboxyl-labeled C''-pL-alanine, 
and to others carboxyl-labeled C™-glycine. The result of this experiment, 
shown in Table VII, indicates that radioactivity derived from glycine is in- 
corporated more rapidly into the slice proteins of the hepatoma than it is 
into the normal liver. This result is therefore qualitatively in accord with 
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that for alanine. Since equimolar concentrations of DL-alanine and gly- 
cine, containing the same concentrations of radioactivity, were used, it is 
suggestive that the rate of uptake of radioactivity from glycine into nor- 
mal liver protein is more rapid than it is from alanine. No accounting was 
made, however, of the activity present in the various amino acids of the 
sive proteins when labeled glycine was added. It 1s thus possible that the 
labeled carbon derived from glycine may have turned up in the slice protein 
in amino acids other than glycine. 


Tasie VII 
Comparison of Rates of [neoporation into Liver Proteins of C4 A clivity Derived from 
Alanine and Glycine 


Type of liver tissu Type of labeled amino acid | Counts per min. 

Control pt-Alanine 36 
57 
Control-hepatoma* 
145 
Hepatoma 329 
275 
Control | 180 
“ “ 138 
Control hepatoma 270 
“ “ 338 
| 563 


The same two rats furnished hepatic tissues for both types of experiment. 10,000 
e.p.m., contained in O44 mg. of pt-alanine, were added to the appropriate vessels, 
and 10,000 ¢.p.m., contained in 0.37 mg. of glycine, were similarly added. While the 
same number of moles of pt-alanine and glycine was used, the L-alanine represented 
only half the concentration of the glvcine. A strict comparison of the rates of up- 
take would require the use of t-alanine, free from the presence of the p form. One 
cannot multiply the alanine values given by 2 because of the possibility of conversion 
of labeled p-alanine to L-alanine via deamination and transamination. 

* Control part of heopatoma-containing liver. 


Misecllancous Related Bae periments An experiment was performed on the 
rate of incorporation of C'- alanine into the proteins of fetal livers as com- 
pared with various other types. The results are shown in Table VIII. In 
this experiment it is clear that the fetal liver slices incorporated alanine into 
their proteins atarate approaching that of the hepatoma. In this connec- 
tion, Friedberg, Schulman, and Greenberg (13) very recently expressed the 
view that homogenates of fetal liver synthesize protein more rapidly than 
homogenates of adult liver. Similarly, liver shees removed 48 hours after 
partial hepatectomy incorporated alanine into their proteins at 3 times 
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the control rate. An accelerated rate of peptide bond synthesis is eyj. 
dently not a unique property of the hepatoma, but does serve to distinguish 
its protein metabolism from that of resting adult liver tissue. 

The possibility was considered that the hepatoma and fetal liver might 
contain extractable substances capable of stimulating protein synthesis jp 
shees of normal liver. A well known phenomenon observed in tissue ¢y). 
ture work is the growth stimulation an explant of cells derives from the ad. 
dition to the medium of an aqueous extract of an embrvo. With this con. 
sideration in mind, various tissue extracts, concentrated and dilute, were 
added to the medium in which control liver slices were incubated. As jn. 
dicated in Table IX, however, the extracts, including the rat embrvo ex. 
tract, had no stimulating effect on the incorporation of alanine into the 


Tasie VIII 
ptalee of Activity from Alanine into Fetal Live 4 


Type of liver (Counts per min, 
Fetal* 
IM) 
Hepatoma 230) 
Control-hepatoma Si 
Normal liver 3] 
4U 


*15 day-old rat fetuses. 


slice proteins. In fact, the addition of a concentrated homogenate of nor- 
mal liver to the incubation medium depressed the uptake of alanine into the 
slice proteins. 

An experiment was carried out to answer the question whether the thick- 
ness of the slice was an important consideration as related to the uptake of 
activity. With the Stadie-Riggs slicer, if pressure is exerted on the lucite 
piece Which covers the tissue block, and if the knife blade is pressed firmly 
against the upper edge of the slot through which it is moved, a thinner slice 
may be obtained than is otherwise produced. It was from this point of 
view conceivable that some artifact might be introduced due to the dilfer- 
ence In cutting properties of the normal liver and hepatoma. It appears 
trom the data in Table X, however, that such variations in thickness of the 
slice as might occur would not critically influence the uptake of radioactiv- 
ity. 

‘Frantz, I. D., Jr, and Bucher, N. L., unpublished data 
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The possibility was considered that addition to the incubation medium 
of a substance similar in structure to alanine might interfere with the up- 
take of alanine. Accordingly, benzoylalanine was added. It had, how- 
ever, no clear cut effect on the incorporation of alanine into either normal 
liver or hepatoma. 

The rate of oxygen consumption of the slices was followed for two rea- 
sons: (1) to provide evidence that the slice was surviving during the time of 


IN 
Effect of Addition of Tissue Extracts on Uptake of Radioactivity into Liver 
Slice Proteins 


Experiment No. Counts per min. 


l Control 31 
30 

oe + concentrated embryo homogenate 27 

30 

control 9 

2 46 
40 

* + control liver extract 50 

57 

+ hepatoma extract 40 

54 

+ fetal liver extract 59 

41 


The data are expressed as previously described. The concentrated homogenates 
were made as follows: 2 gm. of 15 day-old rat embryo were minced and homogenized 
in 8 ec. of Krebs-Ringer-phosphate buffer. The pH was adjusted to 7.4. 2 gm. of 
control liver were similarly prepared. Slices of control liver were then incubated 
ip 1 ec. of each of these media. 

The extracts were prepared as follows: 0.4 gm. of the appropriate type of liver tis- 
sue was minced and ground in a mortar in 10 cc. of Krebs-Ringer-phosphate solution. 
The suspensions were centrifuged, and 0.2 cc. of the supernatant was added to 0.8 
ec. of Krebs-Ringer-phosphate solution. Slices were incubated in this medium. 
0.1 ec. of pt-alanine was added in the usual way. 


incubation and (2) to find out whether there was a correlation between the 
rate of oxygen consumption and the rate of protein synthesis. The data 
summarized in Table XI imply that such a correlation does exist. The 
hepatoma slices incorporate more alanine (7.¢., appear to synthesize more 
protein) per microliter of OxYpen consumed than do the normal liver slices. 

In a single experiment, C'-alanine was injected subcutaneously into a 
rat bearing a small hepatoma. 2 hours later, viviperfusion (15) was carried 
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NX 


Effect of Thickness of Slice on Rate of Uptake of Alanine into Liver Proteins 


mu BaCOy (Counts per mip. 

Normal control liver Thin 0.149 30) 
0. 20S 2: 

Thick ().224 

0.249 

Hepatoma Thin 0.146 
0.166 

Thick 250 14 

0.191 19? 

Control-hepatoma Thin 0.139 39 
0.160 36 

Thick 264 25 

253 34 


TaspLe XI 


Relation between Oxygen Consumption and U ptake of Radioactivity 


{ ounts per min. 
in< ited r micro- 
liter O: consumed 


Counts per min. 


consumed 
incorporated 


microlilers 


Ceatrol........ 50+ 7 37 + 10 0.74 + 0.19 
Control-hepatoma............ 56 + 6 Ol + 19 16 +0.3 
ee Sl + S* 255 + 62° 3.1 + 0.74° 


At least seven values are included in each arithmetic mean given above. Each 
mean is followed by the probable error, computed from the spread of the data (not 
from the number of counts accumulated). It should be pointed out that these are 
probable errors, not probable errors of the mean, and are indicative of the degree of 
variation from experiment to experiment rather than of the degree of accuracy to 
which the mean is known. 

Since it was undesirable to dry the slices at the end of the incubation period prior 
to hydrolysis of the proteins, the oxygen consumption is not expressed as Qo.. The 
oxygen consumption is related to the quant ity of barium carbonate obtained by nin- 
hydrin decarboxylation of the amino acids present in the hydrolysate of the slice 
proteins. The values for oxygen consumption and counts per min. incorporated are 
therefore expressed per 0.1 ma of barium carbonate, which is a way of relating these 
data to the quantity of protein present in the tissue slice. 

* Signifies that the difference from control and control-hepatoma ts significant 
(P <0.01) (14). 


out, the animal’s blood being washed out by a large volume of Tyrode’s 
solution. The liver was then removed, and the hepatoma nodule was dis- 
sected free from surrounding non-malignant liver tissue. A 50 per cent 
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greater rate of incorporation of labeled alanine into the hepatoma proteins 
was found than into the non-malignant liver proteins. 


DISCUSSION 


ft is probable that a liver slice, separated from its normal nutritional 
supply by a traumatic process, and immersed in an extracellular type of 
medium, does not provide optimal conditions for proteim synthesis. The 
net over-all process in this situation is doubtless proteolysis. Since less 
than 1 per cent of the alanine molecules contained in protein has been in- 
corporated during the time of incubation, a difference in the rates of the pro- 
in-dedi adding Processes, NO matter how re at, the normal liver and hepaloma, 
cannol account jor the high r percentage of radioacliwily in the hepatoma. 
The greater rate of uptake of labeled amino acid into proteins of the hepa- 
tuma thus implies a greater rate of peptide bond synthesis. This conclusion 
isat variance with that which Rittenberg and Shemin (16) reached as a 
result of studies of incorporation of stable isotopes into whole animals. 

While it appears reasonable to conclude from the present experiments 
that alanine is incorporated imto proteins (and trichloroacetic acid-pre- 
cipitable peptides) of liver slices, this finding may be interpreted in at least 
two wavs. First, alanine may be built into protein or peptide molecules 
as they are being newly formed. Secondly, alanine from the incubation 
medium may be exchanged for alanine molecules present in the interior of 
existing protein molecules. Both processes may conceivably take place. 
Since the present experiments do not permit a decision between these possi- 
bilities, the term “exchange” has been avoided. 

Finally, the present experiments suggest the possibility that the slice 
technique for measturing the rate of protein synthesis in normal liver and 
hepatoma may be used as a sereen test for potential tumor inhibitors. — If 
an agent can be found capable of inhibiting selectively protein synthesis in 
hepatoma slices, it is worthy of more extensive trial on whole animal tumors. 


MMARY 


The rate ot meorporation ot C'-carboxyl-labeled pr-alanine into the 
proteins of rat liver slices was investigated. The rate of uptake of activity 
in surviving slices of hepatoma nodules was 7 times that of slices of normal 
livers and 2) times that of shees from the non-malignant portion of the 
hepatoma-contuiming livers. \ preponderance of the activity incorporated 
Was accounted for in the alanine fraction of the protemnms. An increased rate 
of uptake of activity into hepatomas was likewise found when C'-carboxyl- 
labeled glycine was used. [t is concluded that, under the conditions used, 


the primary p-dimethylaminoazobenzene-induced rat hepatoma incorpo- 
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rates alanine more rapidly into protein than does normal resting adult rat 
liver. 
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The separation of amino acid mixtures by migration with organic solvents 
in filter paper has been successfully accomplished by many workers since it 
was first described by Consden, Gordon, and Martin (1). Each amino acid 
travels in a more or less well defined spot in the body of uniformly migrating 
solvent and can be visualized in the dried paper as a local spot giving a color 
reaction with ninhydrin. ‘The present paper reports the separation of the 
purines and pyrimidines contained in nucleic acids, and several related 
compounds, by the movement of a boundary of n-butyl alcohol along paper 
strips. Vischer and Chargaff (2) have described the principal steps of a 
procedure for separating the two bases, guanine and adenine, from nucleic 
acid in a moving body of a quinoline-collidine mixture. These purines 
were located in the paper by precipitation of mercury sulfide after formation 
of the insoluble mercury salts and washing in dilute acid. After complete 
removal of the quinoline and collidine it was possible to identify the guanine 
and adenine by their absorption maxima in the ultraviolet range. 

Advantageous features of the method described below are as follows: 
(a) The five bases, cytosine, thymine, uracil, adenine, and guanine, can in 
microgram quantities be completely separated from one another. (b) The 
separated substances are detected by ultraviolet spectrophotometric ex- 
amination of solutions prepared by soaking excised portions of the paper in 
water. (c) An organic solvent is used which does not interfere with ultra- 
violet spectrophotometry. (d) Recovery of the individual constituents is 
essentially quantitative, with an error of 10 per cent or less. (e) Spectro- 
photometric standards of purity are provided which make it possible to 
identify each component and (f) to determine with considerable accuracy 
the composition of binary mixtures which may result from a migration not 
earried far enough to give altogether complete separations. (g) 1 mg. or 
less of a nucleic acid can be examined for the rate of liberation of its nitroge- 
nous bases during partial enzymatic or acid hydrolysis. (h) Some simple 
derivatives such as nucleosides can be purified and identified in this pro- 
cedure. (72) Less soluble substances, or dilute solutions, are used by evapo- 
ration of moderately large volumes of solution upon a small spot in the 
paper, locally heated. 
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Certain aspects of the method remain unsatisfactory or disadvantageous: 
(a) Guanine does not migrate appreciably im butyl alcohol and so it re- 
mains with unhydrolyzed nucleic acid, nucleotides, or other aleohol-in- 
soluble substances in the initial spot. Without use of a second solvent, 
guanine can therefore be isolated in pure form only from certain simple 
mixtures or completely hydrolyzed material. (6) Phenylalanine (and 
possibly tryptophan, but not tvrosine) may, if present, appear on the paper 
in the region occupied by eytosine. Its presence can be recognized through 
the ninhydrin color reaction or through spectrophotometric study of the 
fractions. While certain synthetic phenols and aromatic acids would like- 
wise interfere, probably very few natural products will be found to do so, 
(c) As in other paper chromatography, large quantities of the substances 
or even of certain foreign materials often tend to make the separation less 
sharp. (d) Variations in water content of the paper, or other ill defined 
factors, make it difieult to predict exactly the position that will be occupied 
by isolated compounds; relative positions and relative rates of flow, on the 
other hand, are constantly reproducible. 

Some of the disadvantages mentioned mav eventually be overcome 
through use of successive solvents or a different initial solvent. The 
method as described promises to be useful in the quantitative study of the 
composition of nucleic acids, their constituents and derivatives, and the 
manner of their enzymatic or hydrolytic degradation. 


EXPLRIMENTAL 


Apparatus The majority of the chromatograms were developed in a 
Pyrex glass cylinder surmounted by a flanged aluminum ring closely fitting 
the evlinder and serving as the support for brass arms holding horizontally 
placed cylindrical glass troughs and glass rod separators, about 140 mm. in 
length. A glass plate is placed upon the plane upper surface of the alumi- 
num ring to give a closed system. Early experiments were successfully 
carried out in an ordinary glass and metal aquarium resting upon one end 
and closed at the side witha glass plate. In this chamber a wood and metal 
ring stand supported a rectangular, glass staming dish cover, which served 
asthe trough. ‘The metal used was not observed to cause any disturbances 
in either of the chambers; wood, however, becomes swollen and saturated 
with solvent vapor, and should not be used in systems with more than one 
organic solvent. 

Volumes of solution larger than 0.017 ce. were placed upon a small area 
of the paper, locally heated by curving the strip over a horizontal glass tube, 
10 mm. in diameter, joined between a flask of boiling water and a reflux 
condenser. The fluid samples are delivered from a calibrated capillary 
pipette (3) by touching it to the paper from time to time as drying occurs, 
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There has been no indication that the presumptive local drying of the paper 
has influenced the resolution of either pyrimidines, purines, or amino acids. 

Solutions were examined in 3 ce. quantities in the model DU Beekman 
photoelect ric quartz spectrophotometer. 

Materials---Vhe paper used was Whatman No. |, as recommended for 
amino acid determinations (1). Aqueous extracts of this paper have only 
very low absorption in the ultraviolet, as discussed below. n-Butanol was 
ysed as the organic solvent in all of the work reported here. ‘The bottom 
of the chamber was covered with equal portions of butanol and water and 
the aqueous phase was brought to about 2.5 per cent concentration of 
gaseous ammonia by addition of concentrated ammonia. The troughs 
contained butanol saturated with water at the prevailing room temperature, 
without added ammonia. 

Two lots of each of the principal bases were used: from Hoffmann-La 
Roche, Ine. (Basel), adenine, guanine, and uracil, kindly made available by 
Dr. A. Claude; from the Schwarz Laboratories (New York), adenine sulfate, 
guanine, thymine, and veast nucleic acid; from the Eastman Kodak Com- 
pany (Rochester), uracil and veast nucleic acid; from the Dougherty 
Chemicals (Richmond Hill, New York), cytosine. In addition, crystalline 
samples of thymine, cytosine, xanthine, hypoxanthine, adenosine, cytidine, 
guanosine, and thymidine, prepared in the laboratory of the late Dr. P. 
\. Levene, were employed. Desoxyribonucleic acid was prepared from 
calf thymus according to the method of Mirsky (4). 

Weighed amounts of the pure bases were dissolved in water, neutralized 
toabout pli 7 if necessary, and the concentration accurately determined by 
Kjeldahl determination of nitrogen. From these solutions the standard 
curves for pure bases were obtained and the mixtures submitted to sepa- 
ration were prepared. The nucleosides were not available in sufficient 
quantity for nitrogen analysis; accordingly the relative absorption data are 
more dependable than the absolute for these substances. 

All calculations based upon absolute weight throughout this paper refer 
tu the anhydrous free bases. 

Nucleic acids were hydrolyzed in aqueous hydrochloric acid for 2 hours at 
120° in the autoclave. The acid was later removed by evaporation to dry- 
ness in vacuo, and the hydrolysate, dissolved in a small volume of water, 
was neutralized with sodium or ammonium hydroxide. 

Preparation of Paper Chromatogram—The solutions to be investigated are 
deposited upon spots or bands distributed along a pencilled “starting line”’ 
drawn transversely about 50 mm. from one end of the paper strip. The 
spots are narrow (10 mm. or less) in the direction of flow, but along the 
starting line are spread for a distance such that each mm. of length carries 
approximately 1 y (and preferably not more than 5 y) of the individual 
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hases. Most of the work described here was done on paper strips 125 * 469 
mm., bearing three or four initial spots approximately 10 & 20 to 25 mm. 
in size, arranged at least 10 mm. apart. The solutions are applied in the 
manner indicated above to these spots outlined in pencil. Such spots can 
carry 20 to 100 y of individual bases or the degradation products of 1 mg. 
of nucleic acid. 

The end of the paper strip is inserted into a glass trough and weighted by 
a large glass rod so that the starting line, which is near this end, is just at 
the point where the paper curves over the glass rod separators and projects 
downward. After the strips are in place and the bottom of the chamber js 
provided with butanol-water as mentioned, n-butanol saturated with water 
at room temperature is added to the trough and the chamber is closed. A 
jacket of corrugated paper is placed about the cylinder to protect it from 
draughts and exposure to radiators or windows, which ean have disastrous 
effects on an unprotected system. 

After 16 to 24 hours at about 25°, the position of the butyl alcohol front 
is marked, and the strip is removed and hung upside down to dry. The 
individual “lanes” can be cut apart at this time for separate treatment with 
ninhydrin, ete., or for separate cutting of strip segments. 

‘Transverse segments are now cut from each lane on a trimming board or 
with seissors at successive chosen intervals, such as every 10 mm. The 
precision of the method may often justify making segments as narrow as 5 
mm., and in vacant areas segments of 20 or 30 mm. width are convenient, 
Fach excised piece is placed in a clean test-tube and then soaked 1 hour or 
more in 3.5 ce. of distilled water. In this work the paper may be touched 
with the hands, but is preferably subjected to a minimum of such exposure. 

The absorption of the eluted solutions at 260 my is determined in the 
spectrophotometer. A graph or table of this absorption correlated with the 
distance travelled from the starting line (to the mid-point of the segment) 
reveals a series of absorption peaks corresponding to the constituents which 
have been separated from the original mixture. Figs. 1 and 2 and Table I 
present typical data. It will be seen that the presence of several substances 
in each mixture is clearly indicated. 

The identity of the separated substances is ascertained by more detailed 
spectrophotometric examination of the various eluted solutions. In the 
work to be described below, 3 ec. of these solutions were placed in the quartz 
cuvettes and examined as desired, either in this approximately neutral state 
or after being made 0.1 N in alkali or acid. For the latter purposes, 0.06 ec. 
(in routine work, 1 drop) of 5 N sodium hydroxide was added, followed when 
desired by 0.05 ec. (or 1 drop) of 12 ~ (or concentrated) hydrochloric acid. 

In what follows the procedures are grouped according to four aims to be 
achieved: (a) rigorous test of the method, or of new solvents, ete., by study 
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Es Paper Chromatogram of Known Mixture of Bases 
Observed total absorption 
Partial absorption of individual bases 
3 Smoothed distribution curves 
Qo 
sa 
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50 100 150 mm 
Distance along paper Strip 
hig. 1. Distribution of known bases in paper chromatogram 
Paper Chromatogram 
E of Thymus Desoxyribonucleic Acid Hydrolysate 
Observed total absorption 
Partial absorption of individual bases 
Smoothed distribution curves 
~ 
10 \ 


Ultraviolet absorption at 260 mz 


= 
8 \ E 


50 100 150 mm. 
Distance along paper strip 
hig. 2. Distribution of bases trom thymus desoxyribonucleic acid hydrolyzed 2 
hours at 120° in 2.4 N hydrochloric acid. 


of identity and purity of solutions obtained at or near the positions of peak 
absorption, (b) routine identification of substances isolated near the peaks, 
(©) routine procedure for determination of quantitative composition of 
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those pure solutions or binary mixtures which may be obtained at the low 
points between the absorption peaks, and (d) complete quantitative analysis 
of mixtures of bases. 

Identification of Isolated Major Constituents—Those eluted solutions 
having high absorption values at 260 mu may be further studied to deter. 


mine their composition. In order to demonstrate in this investigation that 
pure pyrimidines and purines may be recovered from hydrolysates of nuelejr 


TABLE | 


Position of Pyurimidines and Purines 1n Butanol-Paper Chromatograms 


Range of 80 per cent distribution in paper 
Average 
values, al] 


Known 


Substance Known Yeast nuclei Thymus experiments 
Mixture Mixture acid nucleic acid (300-350 mm.) 
I If hydrolysate hydrolysate 

solvent front 377 310 360 360 

Thymine 205-223 167-154 172-188 0.54 
Adenine 176-195 138-159 143-163 141-161 0.45 
Uracil 125-144 107-123 109-132 0.35 
Cytosine OS-115 96 &2- 97 

Known Known Known 
Mixture Mixture Mixture 
IV V VI 

solvent front Baa 340 340 351 

Thymine desoxyriboside 0.51 
Adenosine 115-13 0.33 
Cytidine 56- 77 61 0.16 
(juanosine 35- SD 22- 41 0.10 
Xanthine 0.01 
Hypoxanthine 0.18 


*Rp = mm. traveled by the base per mm. traveled by the solvent past the starting 
Quantitative range of distribution, determined 


line; Maximum variation, +0.03. 
as described in a later section. 


acids and from known mixtures, the absorption curves trom 220 to 310 mg 
were determined at intervals of 5 my in the Beckman spectrophotometer. 
Standard curves tor authentic samples of pure bases and curves from 
typical samples recovered on paper strips are given in Figs. 3 to 5. The 
close correspondence of the data for authentic and recovered bases indicates 
that the substances are isolated essentially free of other ultraviolet-absorb- 
ing material. The case of guanine will be discussed more fully below. 

In identification and determination of purity of bases, it has proved useful 
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totreat the quantitative data on the basis of ratios to a peak optical density 
arbitrarily taken as 1.0 at the absorption maximum. The maximum, 
normally around 260 my, is determined within 5 my and all optical density 
values are divided by the value found at this wave-length. Expression of 
results in this form facilitates comparison of curves obtained with widely 
differing concentrations. With the spectrophotometer used the curves are 
reliable enough for identification of the common purines and pyrimidines 


—oO-— Adenine (authentic) 


(recovered on paper) 
Thymine (authentic) 
A . (recovered on paper) 
14+ 
J 
—Th ne 
\ 
| Adenine-| 
| 
oth 
| 240 260 280 


Wavelength ~millimicrons 


bic. 3. Relative absorption curves of adenine and thymine in neutral solution 


whenever the peak absorption is from 0.15 to 1.50 optical density units. 
With lower total absorption it becomes more important to make the blank 
corrections mentioned below. 

The relative absorption data for the five bases in neutral, alkaline, and 
acid solutions are collected in Table IT, together with similar standards for 
certain related compounds. These standard values are in approximate 
agreement with those estimated as accurately as may be done from the 
curves available in the literature (5-7). The absolute absorption, Noo, of 
a unit concentration is also given, and is used in the calculation of absolute 
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weight of a base from absorption measurements. ‘The ratios of the maxima 
in alkaline and acid solution to the neutral maximum, max. N,,..., are also 
given and indicate the shifts in magnitude of absorption at the different 
acidities. ‘These shifts are in some cases highly characteristic, and do not 
appear from the literature to be well known. 

Not only is the correspondence between the absorption of authentic and 
recovered bases in neutral solution regularly as satisfactory as indicated in 
Figs. 3 to 5, but equally good agreement is found in data from alkaline or 


—o— Uracil (authentic) 
(recovered on paper) __ 
—a— Cytosine (authentic) 
4 . (recovered on paper) 
a 
~ a 
® 
—Cytosine 
pe) 
| 
—Uracil 
240 200 , 
] 1 | j ry 


Wavelength ~millimicrons 


Fic. 4. Relative absorption curves of uracil and cytosine in neutral solution 


acid solutions (not shown here). The recovered guanine alone is not highly 
pure, although it is readily identifiable. Undoubtedly the difficulty arises 
in part from the immobility of guanine in a flowing current of butyl] alcohol, 
such that it will tend to remain in the same fraction with unhvdrolyzed 
nucleotides or charred decomposition products which may be present in 
small amounts in hydrolysates. In any case, since guanine is extremely 
insoluble in water, only small amounts of it will be encountered; simple 
filtration or centrifugation suffices to recover a large part of the guanine 
present in a neutralized hydrolysate. 
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In precise work it is desirable to correct absorption measurements for 
blank errors such as cuvette absorption and the absorption of an eluate 
from a blank portion of the solvent-treated paper. The latter correction 
varies for the paper mentioned from 0.01 (optical density units) at 280 mu 
to perhaps 0.03 at 220 my for a 10 mm. segment cut from a 40 mm. lane 
and may therefore be neglected in usual routine work. It is apparently 
due to substances having low terminal absorption in the ultraviolet range 
and is not materially affected by the passage of a butyl aleohol front through 
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‘ ~—o— Neutral guanine (authentic) 


(recovered on paper) 
Alkaline (authentic) 
*  (Pecovered on paper) 


E 
3 
9 
~ 
> 10) 
Ss 
> 
a | 
= | 
| 
3 | 
‘ 
a 
| 
02- 
0 | 


Wavelength millimicrons 


Fig 5S) Relative absorption eurves of guanine in neutral and alkaline solution 


the paper. Previous washing of the paper with water reduces it to some 
extent, but is mot recommended since uneven drying appears to produce 
local changes in the texture and capillary properties of the paper. 

The blank errors of the sort just mentioned as well as fluctuations of the 
pH tend to make reproducibility of the standard curves somewhat less good 
in the range 220 to 240 my, even with authentic samples; therefore, undue 
weight is not placed upon comparisons made in this portion of the spectrum. 

In Fig. 24 minor constituent designated “epicytosine”’ is indicated, having 
a4 Migration rate somewhat greater than that of cytosine. This small peak 
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Standard Ultraviolet Absorption Data on Purines and Pyrimidines 
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Wave-length, mu | 


310 
300 
295 
290 
280) 


270 
265 
260) 
255 
250) 
240 
235 
230 
225 


220 


Max. 
N 460 


310 
300) 


POD 
200) 
2S) 


= 


PH5 
DAD) 
245 
240) 
235 
230 
225 


Max./ 
N 260 


Thymine Adenine 

OH N H | OH N 

10.25 0 

0.02 0.025 0.005 
1.00 0.10 0.10 0.015 UO 
0.985 | 0.275 0.275 | 0.12 0.08 
0.96 0.51 0.48 0.12 
0.92 0.74 0.75 O.77 0.30 
0.92 0.925 1.00 O.675 
S0 1.00 1.00 0.995 
0.70 0.955 0.955 OST 1.00 
0.575 0.8385 0.8385 O.685  O.915 
0.465 0.66 0.665 0.515 0.7665 
42 0.485 0.49 39 
0.475 0.335 0.345 0.31 0.43 
0.69 0.245 0.255 0.31 1), 205 
1.07 0.27 0.285 0.852 
1.55 0.445 0.46 1.02 
2.3 0.72 0.735 1.6 29 
67 1.0 0.985 1.0 

1O5 

(Cytosine Guanine 
0.13 0.005 0.045 0.07 
0.385 0.025 0.20 0.215 0.18 
O.0S5 O.475 O35 
O.S05 0.26 0.73 0.70 54 
1.00) 0.555 0.96 0.90 0.7 
SD 1.00 O75 
00S 0.905 O07 
1 00 Q.805 O.S7T5  O.6S 
47 0.62 0.775 O71 
0.45 | 0.72 WS45 
0.35 0.72 0.19 O67 roo 
0.525 O.SO0 0.135 O.67 SOS 
0.7905 O.93 0.145 0.71 0.71 
1.06 1.05 0.23 | 0.9 0.52 
1.25 Ke 0.425 1.6 41 
1.6 1.3 0.69 
1.10 ‘(1.0) 0.87: (1.0 

53 


Uracil 
OH N 
0.03 
0.32 () 
0.63 
0 
1.00 0.04 
909 0.17 
0.03 (v.42 
W075 
1.00 
47 
O475 OS4 
1) 
3S 1) 465 
300 
0.25 
1.s 42 
745 
Thy mine 
() 
O40 
i) 
SOD 
1 
OOF 
O45 bho 
70 1) 
0.855 0.24 
i 0.46 
00S 
0.775 (1.0) 


desoxyriboside 


= 
wt 


H H 
() | 
() 
0.05 0.0) 
15 
37 185 
{) () 42 
1) 
Os yon 
1 1 (x) 
Os 
765 S45 
() 47 4s 
1) OSD 
O 23 
() D4 
|| 49 
{) 
() ine 
44 (30 
ms 
i} 
| 
i} 
1) Nt) 
(1) 
1) 
4] 
70 
324 


Wave-length, mu 


310 
300 
205 
290 


Nene 


(stuart 


N ii OH N H 
0.01 0 0.02 
0.01 0.135 0.01 0.02 0.145 
02 0.075 0.29 | 
OY 0.22 0.45 0.095 0.15 0.455 
305 0.42 0.59 0.305 0.43 0.585 
6) O.58 0.665 0.595 0.575 0.655 
815 0.665 0.69 | 0.835 0.665 0.685 
0.715 0.71 | 0.96 0.71 10.72 | 
0.75 0.795, 1.00! 0.75 | 0.82 
O.S6 0.935 0.99 0.86 0.065 
1.00 1.00 0.065 0.995 1.00 
0.9095 O.045 1.00 
0.805 O.785 0.70 S95 0.74 
0.695 O.585 0.56 0.68 O54 
y- 0.475 O.44 0.475 O36 
10 0.30 0.43 0.25 
‘i! 0205 O.24 0.66 ().22 0.27 
| O38 1.6 25 0.45 
1.0) 1.0) 0.005 
14 | 1] 
Adenine ribosicd Xanthine 
0.06 0) 0) 
() 0) 0.01 () 
O4 
0.05 S9 0.12 0.04 
1.00 0.31 0.16 
0.165 0.23 0.98 0.59 0.39 
0.70 1.00 
0.00 (1). US 1.00 
1.00 0.095 0.43 O07 
775 O.805 O.84 O53 64 
57 0.635 0.53 4) 
O44 O57 0.36 
275.) 0.24 O37 0.40 
is 0.23 0.50 0.51 
O17 0.31 1.4 0.52 
0.37 0.58 | 2.8 52 
(1.0) 0.905 1.00 (1.0) oO 
ot bia. 


Tapie I!—Concluded 


lesoryriboside 


Guanine ri>o-ide 


Cytosine riboside 


1.00 


N H 
0 0.01 
0.07 
0.41 0.745 
0.675 0.935 
OSS 1.00 
1.00 0.96 
0O.S4 
O.SU 0.67 
0.765 0.495 
0.655 0.34 
0.60 0.225 
0.60 0.1565 
0.625 0.14 
0.675 0.185 
0.795 0.31 
W S15 0.50 
Oo] 06S 
(1.0) 1.36 
Hypoxanthine 
() 0 
0.01 0.01 
0.03 0.03 
0.06 0.06 
0.12 0.09 
0.14 
0.29 0.20 
0.43 0.32 
0.58 | 0.50 
0.75 0.70 
1.0 1.00 
O45 08 
Nh 
1.59 
40 0.46 
2a 0.30 
0.23 

(1.0) 1.06 
47 Ca. 


OH. N. and I refer to alkaline, neutral, and acid solutions, respectively; the 
absorption values are the ratios to a maximum taken as 1.00; max., Nimax. relates 
these maxima to the neutral maximum; No at | mg. per ce. 18 the neutral absorption 
at 260 my of an absolute standard. 
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has been observed repeatedly in the chromatographic patterns from acid 
hydrolysates of a preparation of calf thymus desoxyribonucleic acid. The 
absorption characteristics of this material resemble those of cytosine with 
respect to shift in acid, alkali, etc.; nevertheless, the fraction is distingt 
from cytosine and is clearly not uracil. While it may be an artifact of 
acid-high temperature hydrolysis, its consistent appearance even at differ. 
ent concentrations of acid suggests that it may be a base constituent pre. 
existing in the nucleic acid. In this connection it might be pointed out that 
5-methylcytosine was reported by Johnson and Coghill as a constituent of 
the desoxyribonucleic acid of the tubercle bacillus (8). Furthermore, it js 


true that epicytosine stands in the same relation to cytosine with respect — 


both to its absorption spectrum and its mobility in butanol that thymine 
(5-methyluracil) does to uracil. More than this cannot be said until 
further study of epicytosine has been made. 

Another abnormality that has occasionally been noted is the appearance 
of an “epiguanine,” traveling about 0.7 as fast as cytosine and having a4 
double band spectrum somewhat like guanine. This substance is believed 
to be a derivative of guanine, probably an artifact, formed in the hydrolysis 
of certain desoxyribonucleic acid preparations. 

Routine Identification of Major Constituents—-F¥ or less rigorous identifica- 
tion of the isolated fractions, use is made of certain characteristic features 
of the absorption at a few chosen points in the absorption spectra. The 
distinguishing features which have been used to differentiate the bases are 
indicated in Table III. Mention should again be made that guanine 
absorption responds to small fluctuations in pH; so that quantitative data 
for this base are not so readily reproducible. 

Determination of Composition of Binary Mixtures Obtained between Absorp- 
tion Peal:s —In some places between the peaks, optical density of the eluate 
at 260 my may be as low as 0.10 or less, and identification of such small 
amounts of bases by the methods outlined heretofore would be impossible. 
Furthermore, if the solvent migration has not been carried far enough, or if 
the paper segments have been cut too wide, these regions may carry small 
amounts of two individual bases derived from the absorption peaks on 
either side of the spot in question. In case information about these weaker 
solutions is desired, a quantitative analysis can be made, based upon the 
assumption that they contain no ultraviolet-absorbing substances other 
than one or both of these two bases. 

Simultaneous equations can be derived for any two bases at any two 
wave-lengths from the data in Table II. Since, however, the accuracy of 
such a calculation depends upon having a maximum of difference between 
the absorption contributions of the two components, certain wave-lengths 
ure far more useful than others. Briefly, use is made of the following facts: 
thymine or uracil absorption is shifted much farther into the longer wave- 


BS 


A 


T 
( 
| 
{ 
| 
| 


R. D. HOTCHKISS 327 


lengths than that of adenine by addition of alkali, and absorption by 
cytosine extends farther than that of uracil into the longer wave-lengths in 
neutral, and especially in acid, solution. 

In the calculations that follow, total absolute absorption (corrected for 
paper and cuvette blanks) is indicated by the symbols used in Table IIT. 
Partial absorption calculated for a given component is further identified by 


Ill 


Characteristic Absorption Values of Individual Purines and Pyrimidines 


Now | Nae | | 
Non | Other characteristics 


Thymine 0.74 0.56 1.03 | Newo/Nzo = 0.53; 
| | 200 mp 
Adenine 0.34 0.36 0.05  Neso/Noso = 0.12; OH shift small, 
|  Heshift > in uracil or thymine 
Uracil 0.46 | 0.32 | 0.89 | Now/Niwo = 0.17; OHmax. at 
Thy 
OHwin.; H shifts toward long 
wave 
Guanine 0.52 0.50) 2 bands, Nas and Nas; sensitive 
to pli 


Thymidine (desoxyriboside) 0.85 0.67 0.24 Like thymine except OH shift 
less; > Nmin. 


Adenosine 0.42 0.32 0.02. Like adenine but not affected by 
alkali 
Cytidine 1.12 1.25 0.37 Like cytosine except OH shift 


toward short wave; OHnis. > 
Nesio. > 


Guanosine 0.88 0.35 0.16 Like guanine except OH shift 
smaller 

Guanine desoxyriboside 0.89 0.34 0.16 Like guanosine 

Xanthine 0.87 0.93 0.91 

Hypoxanthine 0.50 0.42 0.26 


2-Amino uracil (isocytosine) 1.07 0.26 0.32 


— 


OH, N, and H refer to absolute absorption in alkaline, neutral, and acid solutions, 
respectively; the subscript indicates the wave-length in my of the maximum or 
minimum. 


a subscript initial of the substance concerned. “Thus, OH.¢sr indicates that 
portion of the absorption in alkaline solution at 265 my which is due to 
thymine. 

(a) Thymine-Adenine Mixtures —-For this pair the absorption is deter- 
mined in alkaline solution at 290, 280, and 265 my (absorption at 260 my in 
neutral solution being already known). 

Since OHogsr = 0.79 OHagor, and since OHogo, is negligible, = 0.79 
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OH ogo, and = OHoes — (by assumption). As a check upon 
these calculated values, compute = 1.21 + U.48 OH 
comparing this computed value with the observed total (corrected) absorp. 
tion at 280 my. Since the aim is to determine the partial absorptions at 
N 20, the following factors' are used: Noger = 1.78 Ollegsr and Nogo, = 1.12 
OHos,. The sum of these should very nearly equal the observed (cor. 
rected) Noo; but even if it deviates from the latter somewhat, the ratio 
probably defines quite accurately the proportion of the two substances. Jf 
only one substance is present, the value for the other comes out as a very 
small positive or negative one. A large negative value indicates impurities 
not allowed for in the underlying assumption. 

(b) Adenine-Uracil \lixtures—The procedure is the same as for the mix- 
ture just discussed, except that the numerical coefficients are different, 
Readings are at 290, 280, and 265 mu in alkali. We find Olas, = 0.87 
OH 290; OH 254 = — Checked by comparison at 280 my, 
OHoeso = 1.29 + 0.48 and calculated back to neutral solu- 
tion, N = 1.74 O Hoeesu and as before, Nesoa = 1.12 OT Logs a. 

(c) Uracil-Cytosine Mixtures—-Absorption is determined at 245, 260, and 
280 my in neutral solution. N 2000 = 2.38 N 280 — (0.42 N 260. N sso0v being 
calculated by difference. ‘To check, calculate Nas = 0.775 Nese + 0.655 
Nesou. More accurate results are obtained in acid solution, observations 
being made at 290, 265, and 245 my: Howse = 1.73 Heo — 0.019 Hag; 
Hoesu = H Hoesc. Checked by LH 24; = ().235 0.735 
and calculated back by = 0.725 Hoge and Nogou = 1.11 Hage. 

(d) Guanine-N ucleolide Mixtures--Of the substances remaining in the 
initial spot, guanine is the principal one whose absorption is shifted by 
alkali. The increase in absorption at 275 my occasioned by adding alkali 
is very roughly 15 per cent of Noo. 

(e) Other Mixtures—Thymine and uracil are not near together on the 
paper and indeed appear not to be found closely associated in nature, but if 
necessary they may be distinguished at 310 my in alkaline solution. 

Adenosine, adenine riboside, may occur on the paper near uracil. It 
may be distinguished from uracil exactly as is adenine itself, and from 
adenine by its total lack of absorption shift in alkali around 265 to 285 mag, 

Thymidine, thymine desoxyriboside, travels in n-butyl alcohol very close 
touthvmine. The nucleoside absorption is almost unaffected by alkali and 
may be estimated from the fact that OP, of a mixture is almost entirely 
due to the free thymine. 

(juanosine and cytidine have absorption spectra very similar to their 


1 In this and other similar calculations, the coefficients include a small empirical! 
correction in which the 2 per cent increase of volume occasioned when 3 ec. of neutral 
solution were made alkaline or acid as described is automatically taken into account 
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parent hases, hut appear widely separated from them in the paper. Uridine 


has not yel been studied. 
Application of the equations indicated above to mixtures 


(f) Results 


encountered in an actual paper strip experiment gave the results indicated 


in Table I\. 


Quantitative Analysis of Dilute Binary Mixtures 


ae aN Mixture Mixture Mixture Mixture Mixture | Mixture 
ii lil I | li Ill 
Data 0.006 0.00 0.058 0.053 0.019 0.000 
0.195 0.072 0.051 0.067 0.063 0.059 
Results OHessa 0.190 0.066 0.005 0.021 | 0.046 | 0.059 
OF 0.005 0.006 0.046 | 
0.046 | 0.017 | 0.000 
Check | 
Calculated 0.058 0.0869 | O.044 | 0.028 
Observed 0.099 0.042 U.057 | 0.072 | 0.046 | 0.025 
Calculated Nose 0.222 0.085 0.088 0.104 | 0.082 | 0.066 
Observed 0.222 0.086 0.105 | 0.081 | 0.063 
Cytosine-uracil mixtures 
Mixture I Mixture Il Mixture 
Data Hey 0.089 0.043 0.005 
i 0.163 0.172 0.100 
Results sexe 0.151 0.071 0.007 
0.012 0.10) 0.093 
Check 
Calculated 0.045 0.09) 0.070 
Observed 052 0.076 
Calculated \ 0.122 0.163 0.108 
Observed 0.114 0.159 0.108 


The figures rep 


and hi reiler al 


resent 


Taste IV 


Ihymine-adenine mixtures 


It will be seen that the several mixtures could be analyzed in 


Uracil-adenine mixtures 


mel ral. and acid solutions; 


eorres ted opt al density values, respectively. OH, N, 


Olas represents the total ab- 


sorption at 265 my in alkaline solution; ¢ Hoes, the partial absorption due to adenine 
at 265 mu in alkaline solution; ete 

terms ol two part itl absorption spectra hich allow successful prediction of 
the absorption value at another reference wave-length. The broken line 
curves of Figs. 1 and 2 are based upon similar analyses in other cases. It 
may be pointed out that the solutions described in Table IV contained 0.6 
of total bases per ce. 


Since only negligible quantities of any 


10 2.5 (avernuge ¥) 
Quantitative Recovery of Bases 


| 
® 


330 PAPER CHROMATOGRAPHY 


base are present outside the region immediately surrounding its peak 
absorption, the recovered quantity can be immediately ascertained by 
totaling the absorption found in this region. For such purposes it is best to 
analyze, as just described, all solutions which may conceivably be mixtures, 
The sum of total absorptions of the pure solutions and of the partial absorp. 
tions in mixtures is the absorption that would have been obtained if allthe | 
recovered base were present in one portion of eluting solvent (in this work, | 
3.5 ¢¢c.). This is the sum of a series of definite integrals, which could also 
be determined, far less accurately however, from the area under the eorre- 
sponding peak on the smoothed chromatogram plot. | 
Table V illustrates the recovery of bases from strips carrying single | 
compounds and also known mixtures. The figures are given in micrograms 


\ 


Quantitative Recove ry of Purincs and Purimidines 


Preparation analyzed Thymive Aden inc Uracil ( ytosine Guanine 
7 7 7 7 7 | 
Pure substances Theory Su 
Found 70 St) 
Mixture ] Theory M4 52 titi 
Mixture I] Theory ‘2 | 75 72 
2 mg. yeast nucleic acid hydrolyzed 2 hrs. at 120° with hydrochloric acid 
normality of acid | | a 
| 123 | ‘ 125 
0.7 M2 | i! 125 
2.4 4 1s 140 
( 0 132 117 52 125 


of anhydrous bases. There is clear evidence that the recovery is essentially 
quantitative, errors probably being caused in large part by some uncertainty 
and variability in the corrections due to substances present in the paper. 
Sludy of Nucleic Actd Hydrolysis -Asa practical test of the method, equal | 
samples of yeast nucleic acid were hydrolyzed at 120° with varying concen- 
trations of hydrochloric acid. The hydrolysates were concentrated to 
dryness tn vacuo to remove hydrochloric acid, neutralized, and applied in 
known quantities to the paper. After migration with butyl alcohol, the 
bases were recovered to the extent shown in Table V. It will be noted that 
? Since the theoretical, expected values are based upon absorption data, the agree- 


ment between theoretical and actual recoveries is independent of the specific extine- 
tion coefficients used. 
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free adenine is liberated rapidly at acid concentrations too low to liberate 
appreciable quantities of the uracil or cytosine. Appreciable quantities of 
nucleosides are found in such partial hydrolysates. At higher acid concen- 
trations the nucleosides are decreased and uracil and, finally, cytosine 
appear in free form. ‘The maximum amount of cytosine indicated in Table 
V may still represent incomplete recovery. (Cruanine is apparently liberated 
in free form as rapidly as the adenine; otherwise the nucleoside, which 
travels about 0.4 as fast as cytosine, would have been observed. These 
results are in keeping with the known greater lability of the purine ribosides 
compared with the pyrimidine ribosides. 


DISCUSSION 


The method outlined above appears to provide a means of estimating 
with some accuracy the constituent purine and pyrimidine bases, and 
probably the nucleosides, in hydrolysates of nucleic acids. ‘The spectro- 
photometric standards given herewith make it possible to ascertain the 
identity and purity of recovered bases and the composition of binary mix- 
tures that may be encountered. ‘These aims have not been fulfilled to 
anywhere near the same extent 'n the paper chromatography of amino 
acids. Nevertheless, it should be pointed out that the present method, 
even when used for qualitative purposes, can be somewhat tedious, and the 
careful quantitative investigation of twenty or thirty strip segments for one 
single analysis may require several hours. Furthermore, it is not a simple 
matter to hydrolyze quantitatively a nucleic acid preparation without 
encountering some decomposition of the bases themselves. As already 
mentioned, two anomalous bases have been found in hydrolysates of certain 
desoxyribonucleic acid preparations, and one of them is believed to be a 
degradation product of guanine, or some other artifact. It is a fortunate 
circumstance that sugar constituents contribute very little to ultra- 
violet absorption either before or after hydrolysis. 

In any case, the quantitative separation on paper strips should provide a 
means of judging whether the proportion of individual bases varies from 
one nucleic acid toanother. In addition, if nucleic acids differ in the nature 
or arrangement of their internucleotide linkages. the rate at which indi- 
vidual bases are liberated during chemical or enzymatic hydrolysis may 
prove to be characteristic of individual modes of combination present. 
Investigation of residual fractions and fragments released during enzymatic 
hydrolysis (see (9)) should be rendered more convenient by the techniques 
given above. 

Since this manuscript was completed, an abstract by Vischer and 
Chargaff (10) has appeared, indicating that these workers have now ex- 
tended paper chromatography to the pyrimidines uracil and thymine. 
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They also now employ solvents not absorbing ultraviolet light and have 
applied the separation to quantitative analysis of nucleic acids. Their pro- 
cedure is doubtless rather similar to the one reported here, although purines 
and pyrimidines are apparently determined in separate hydrolysates and in 
different solvents. These workers mention the conversion of cytosine to 
uracil during acid hydrolysis, which has so far not been observed in this 
laboratory, but their experience with bydrolysates of different nucleic acids 
appears to be more extensive at the present time. 


The author wishes to acknowledge the patient and conscientious assist- 
ance of Margaret Brophy which greatly aided in the development of this 
method. 


SUMMARY 


1. By paper strip chromatography in a butyl! alcohol system, cytosine. 
uracil, adenine, and thymine may be isolated from mixtures and from 
hydrolysates of nucleic acids. Guanine can also be recovered under favor- 
able circumstances. 

2. The nucleosides that have been examined, cytidine, guanosine. 
adenosine, and thymidine, can also be separated from each other and from 
most of the free bases in the same system. 

3. The isolated substances can be identified and their quantity deter- 
mined by ultraviolet spectrophotometry. The substances are normally 
recovered in highly purified form if the migration is carried far enough. 

4. If binary mixtures are encountered, their composition may be quanti- 
tatively determined. 

5. Chromatography of partial hydrolysates of nucleic acids reveals the 
rate of liberation of individual bases and nucleosides. 
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In this paper, we wish to describe the separation and identification 
of another intermediate in chlorophyll synthesis from another Chlorella 
mutant. 

The Chlorella vulgaris mutant 60 was isolated as an orange-colored colony 
after irradiation of normal green Chlorella cells with x-rays. Single cells 
from this colony showed constancy in their properties. The colonies which 
developed on the inorganic salts-glucose agar medium had a dull yellow 
eolor Which turned orange-brown in 4 to 7 days when grown either in the 
light or dark at room temperature. At 36° growth was good but the 
colonies remained dull yellow. At 15° growth was very poor and colonies 
also remained dull vellow. The cells were grown in large flasks and 
harvested after 7 to 8 days. ‘lo minimize the chances of dealing with a 
mixed population due to spontaneous mutation, cultures for a large batch 
were always started from a typical colony derived from « single cell. 

Extraction of Pigments from Supernatant Suspension of Cells—-The cells 
were found to contain a complex mixture of pigments, the predominating 
ones being the carotenoids, with small amounts of protoporphyrin, mag- 
nesium protoporphyrin, and traces of a greenish pigment. By shaking the 
cells in distilled water, a reddish brown cloudy suspension was obtained 
which was relatively free of carotenoids and had absorption bands at 640, 
590, 540 to 550, 170 to 480, and 420 to 425 my, as measured in a Beckman 
spectrophotometer (Fig. 1). Pigments from this cloudy suspension were 
readily isolated by treating the suspension with an equal volume of alcohol, 
saturating with NaCl, and extracting into ether. Preliminary tests showed 
that protoporphyrin was present in the ether solution. ‘To get rid of the 
protoporphyrin the ether solution was washed with water several times and 
then rapidly extracted with an equal volume of ice-cold LN HCI! (The 
acid aqueous layer was shown spectrophotometrically to contain proto- 
porphyrin.) The ether layer was immediately treated with an equal 


* This is the fourth of a series of papers on porphyrins and related compounds. 
For the third paper, see Granick (1). 
1 If no foaming occurs, then only a little Mg protoporphyrin will be decomposed 
by shaking the ether laver with cold | nN HCl. 
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volume of ice-cold 1:1 solution of 0.02 N KOH and absolute alcohol. A 
pinkish fluorescent pigment entered the aqueous phase. (The residue jy 
the ether now consisted of carotenoids and of a trace of «a greenish pig- 
ment.) 

The absorption spectrum of the aqueous alcohol solution was measured 
and the solution was found to contain two components (Fig. 2). The 
major component had two prominent bands in the visible with maxima at 
590 and 588 my and an intense ultraviolet maximum at 418 mu; this com. 


| 


o 


Extinction 


500 600 
Fic. 1. Absorption spectrum of cloudy supernatant from cells, where extinction 
signifies observed densities. 


ponent was later identified as magnesium protoporphyrin. The other, 
lesser Component Was found to be protoporphyrin which explained the 
bands at 630, 530, and 505 my. The bands seen in the cloudy aqueous 
suspension (Fig. 1) are best interpreted as representing colloidal aggregates 
of protoporphyrin with «a small amount of magnesium protoporphyrin (1). 

Extraction of Pigments from Cells-—The isolation of the pigment, having 
bands at 550 and 588 mug, was difficult because of the sensitivity of this 
pigment to acids, its low concentration, and the rather large amounts ot 
contaminating vellow pigments. No simple procedure was found. Only 
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the general principles of the isolation will be described: it was necessary to 
control each step of the isolation by observations in the hand spectroscope. 

To keep the cells slightly alkaline in order to avoid splitting out of the 
Mg, sodium bicarbonate was added to some 100 cc. of packed cells, and 
these were extracted until colorless with 80 per cent alcohol and 80 per cent 
acetone. ‘To remove yellow pigments and fats and traces of green pig- 
ments, the alcoholic solutions were diluted with an equal volume of water, 
made alkaline with NH,OH, and extracted with ether. The aqueous 
solution was brought to pH 5.5 to 6.0 with solid KH.PO, and shaken with 


onl 
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Fic. 2. Absorption spectrum of alkaline alcoholic solution derived from super- 
natant. The three prominent bands are due to magnesium protoporphyrin. The 
extinction is 10 times higher on the left side than on the right side. The extinction 
signifies the observed densities. 


a small volume of n-amyl alcohol. Overnight in the ice box, the pigment 
was found to have collected in the amyl alcohol laver. The amyl aleohol 
layer Was separated and evaporated to dryness under reduced pressure; 
the pink pigments were taken up in ether and shaken into a 50 per cent 
aleoholic layer containing dilute NH,OH and again driven into ether by 
acidifying cautiously with acetate buffer and saturating the aqueous 
alcoholic layer with NaCl. This transfer between ether and aqueous 
aleohol was repeated twice more. The ether solution was then concen- 
trated to 10 ec. The ether solution now contained as major components 
the two pigments, protoporphyrin and Mg protoporphyrin. By shaking 
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the ether solution with 0.05 ce. of 3. N NEHLOH, and then placing in the 
ice box overnight, the protoporphyrin was found to be precipitated out at 
the interface. (Under these conditions Mg protoporphyrin precipitated 
out only after 3 to 4 days.) 
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mye 

Fic. 3. Smooth curve, absorption spectrum of synthetic Mg protoporphyrin di- 

methyl ester in ether. XX, absorption spectrum of synthetic Mg protoporphyrin 

in 0.02 n KOH containing 50 per cent ethanol. ©, absorption spectrum of pigments 

isolated from Chlorella 60, measured in 0.02 nN KOH containing 50 per cent ethanol; 

the extinction values were adjusted at 588 mu to the Mg protoporphyrin curve by a 
factor and the remaining points were multiplied by this factor. 


An aliquot of this solution, evaporated to dryness, was taken up in a 
solution of 0.02 N IXKOTL containing 50 per cent ethyl alcohol and measured 
spectrophotometrically. One point on this absorption curve (7.¢. 5S8 my) 
was adjusted to the curve for synthetic Mg protoporphyrin by a factor, 
and the remaining points were multiplied by this factor (Fig. 3). From 


| 
} 
} 


S. GRANICK 337 


Fig. 3 it is seen that the predominating pigment in this solution corresponds 
to synthetic Mg protoporphyrin with respect to the positions of the ab- 
sorption maxima (418, 551, and 589 mu) and the relative heights of the 
bands. ‘The solution is still contaminated by small amounts of proto- 
porphyrin, as seen in the bands at 505 and 630 mu, possibly by carotenoids 
(i.e. band at 465 my), and by a trace of a greenish pigment (640 to 670 my). 
Since the solution was estimated to contain only about 0.5 mg. of Mg 
protoporphyrin, further purification by chromatographing was not. at- 
tempted. 

Identification of Porphryin of Metal Complex As Protoporphyrin-—Since 
only about 0.5 mg. of the magnesium protoporphyrin was isolated from 
Chlorella, and since the isolation in the crystalline state would have been too 
tedious, it was deemed necessary to obtain supporting evidence for the 
composition of this compound by identification of the kind of porphyrin 
and the kind of metal. An aliquot of the ether solution was extracted with 
3nN HCI. At this acidity the metal was split off and all of the pink pigment 
entered the aqueous phase. The aqueous solution was neutralized and the 
porphyrin reextracted into ether. The ether solution was washed with 
water and then extracted successively with increasing concentrations of 
HCl. No porphyrins were extractable from ether with HCI solutions 
below 0.1. N. Two fractions were isolated by extraction between 0.1 and 0.4 
vy HCl and between 0.4 and 1.0N HCl The absorption spectra of both 
these fractions fell, within experimental error, on the curve of pure proto- 
porphyrin (Fig. 4). This result indicates that neither a monovinyl nor 
any other porphyrin except protoporphyrin was present, and therefore the 
pigment originally isolated must be a derivative of protoporphyrin. Neither 
esters of magnesium protoporphyrin nor esters of protoporphyrin could be 
found in this preparation or in crude preparations that had been extracted 
from cells in which the use of alkaline fluids was avoided. Such esters 
would have been detected in the ether after extraction with 1 Nn HCl. 
(When Chorella 60 was grown in a medium containing | mg. of Cu per liter, 
asmall amount of pigment was observed which was stable in strong HCI; 
the positions of the band maxima were those of Cu protoporphyrin.) 

Identification of Magnesium As Metal tn Complex--The qualitative 
identification of magnesium was carried out with the quinalizarin reagent 
(2). ‘The test is highly specific, only beryllium and lanthanum besides 
magnesium being reported to form a blue precipitate in strongly alkaline 
solution. However, the test is not particularly sensitive. A method was 
devised to remove the porphyrin, which interferes with observation of the 
blue precipitate, and at the same time to keep the magnesium as concen- 
trated as possible. 

The test was carried out in the tollowing way: 5 cc. of the ether solution, 
estimated to contain approximately 250 y of magnesium  protopor- 
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phyrin, were placed in a 15 ec. conical centrifuge tube. Then 0.10 ee. 
of 4.6 N HCl was added, and air was bubbled through to stir the HC 
into the ether layer. After several minutes the ether layer became 
completely colorless and all of the protoporphyrin was now collected into 
the drop of aqueous HCl at the bottom of the tube. The HCl was neutral- 
ized by adding 0.12 cc. of 4.00 NX NaOH plus 0.01 cc. of glacial acetic acid to 
the tube. Air was again bubbled through until all of the protoporphyrin 
had passed back into the ether layer. The tube was then centrifuged. The 
clear colorless aqueous droplet at the bottom of the tube was now removed 
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Fis. 4. Smooth curve, absorption spectrum of synthetic protoporphyrin IX in 
ether. Absorption of porphyrin derived from magnesium protoporphyrin isolated 
from mutant Chlorella; X, porphyrin extracted between 0.1 and 0.4 nN HCl; O, por- 
phyrin extracted between 0.4 and 1.0 NN HCl. The extinction is 10 times higher on 
the left side than on the right side. 


with a capillary pipette and placed on a drop plate, and 2 drops of alcoholic 
quinalizarin (10 mg. per cent) and 2 drops of 2. N NaOH were added. 
Blue granules appeared within | minute. At the same time and on the 
sume drop plate a series of known concentrations of Mgt * was run, in- 
cluding controls of the reagents. From the rate at which the blue granules 
appeared and their volume it was estimated that the quantity of Mg** was 
about 10 y, which was in the predicted range if the compound was Mg** 
protoporphyrin. (At this concentration Ca** does not give a character- 
istic blue precipitate. ) 

Neither magnesium protoporphyrin nor its ester has ever been prepared 
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inthe crystalline form. It was deemed necessary to prepare the magnesium 
protoporphyrin and to study its properties, in order to compare it with the 
pigment derived from the Chorella mutant. The dipotassium salt of mag- 
nesium protoporphyrin was made by way of the dimethyl ester. 

Preparation of Magnesium Protoporphyrin Dimethyl Ester—The method 
used here, of inserting the magnesium into protoporphyrin by means of a 
decomposed Grignard reagent, is a modification of that used by Fischer 
and Diirr (3). To obtain this compound in its crystalline form, it was 
found necessary to use highly purified protoporphyrin ester, to avoid tem- 
peratures above 80°, and to run the reaction preferably in the absence of Oz. 

In a 500 ce. round bottom triple necked flask was placed 1.0 gm. of Mg 
ribbon. This was washed by decantation with anhydrous ether. Then 
30 ec. of anhydrous ether and 15 ee. of ethyl bromide were added. The flask 
was connected to a reflux condenser with a drying tube attached, and the 
contents warmed gently. After some 20 minutes the reaction was ended. 
To distil off the ether and excess ethyl bromide most easily, the water in 
the reflux condenser was emptied, and the flask, still attached to the con- 
denser, Was placed in hot water. ‘Toward the end of the evaporation, suc- 
tion Was applied through the drying tube to aid in the distillation and dry- 
ing. 

The flask containing the dry ethyl magnesium bromide was cooled in ice 
water, and 75 ce. of dry n-propyl alcohol (distilled over CaO) were added in 
small portions through the top of the reflux condenser. The residue dis- 
solved completely. The solution was then heated and refluxed for 10 
minutes to decompose the last traces of the Grignard reagent. After cool- 
ing to 50°, 280 mg. of twice crystallized protoporphyrin dimethyl ester were 
added to the flask, arrangement being made to pass dry N» slowly into one 
arm of the flask. The flask was placed on a water bath and kept at 70-75° 
for 5 to 7 hours or until the protoporphyrin band at 680 my had disap- 
peared. Higher temperatures or prolonged heating led to yellow decom- 
position products. 

The material in the flask was now transferred, with the aid of a small 
amount of ether, to a Claisen distilling flask and the propyl alcohol distilled 
almost to dryness under diminished pressure in the presence of Ne. The dry 
material was now transferred with the aid of 750 ec. of water and 750 ce. 
of ether to a 2 liter separatory funnel. The solution was shaken to extract 
most of the Mg protoporphyrin ester into the ether. Then 100 ee. of a 
solution containing 10 gm. of ammonium acetate and 10 gm. of NasHPO, 
were added. A floeculent precipitate of MgNH,PO,; was produced. This 
was drawn off and the ether layer washed several times with water. A 
small amount of impurity went to the interphase and was drawn off. The 
ether solution was dried with anhydrous sodium sulfate and evaporated 
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to dryness under diminished pressure in the presence of Ne. ‘The dark red 
powdery residue was dissolved in some 30 cc. of wet ether and filtered. A 
small brownish residue with a band at 470 to 480 my collected on the filter 
and was discarded. 

Even when pure, the Mg protoporphyrin ester is diflicult to crystallize 
from solution, although crystals will be found to form on a glass slide under 
the microscope. Crystallization was accomplished in the tollowing man- 
ner: To the concentrated ether solution, 3 cc. of xylene were added, and 
the solution further evaporated down to about 7 to LO ce. Then 5 ce. of 
low boiling petroleum ether were added (b.p. 30-607) and a crystalline 
precipitate rapidly formed. After cooling for several hours the precipitate 
was centrifuged, washed with low boiling petroleum ether by centrifuging, 
and then filtered off. The yield of this crystalline pinkish powder was 220 
mg. or about 75 per cent of theory. 

A portion of the pink powder was washed on the filter with anhydrous 
ether. ‘The filtrate consisted of a colloidal solution; a slight residue re- 
mained on the filter paper. ‘To the filtrate was added low boiling petroleum 
ether, and a precipitate of plates and highly twinned crystals resulted. 
This was centrifuged, washed with low boiling petroleum ether, and dried 
in vacuo. Analyses of this material showed the following percentage com- 
position. 


Calculated. C 70.5, HE 53.89, N 9.15, Mg 


An aliquot of this crystalline material was dissolved in moist ether and the 
absorption spectrum of the red fluorescent) pigment was determined 
(smooth curve, Fig. 3). The absorption bands are very sharp and high. 
The molar extinction per em. of light path for a given wave-length is given 
by 

l 


em. X mole per liter 


I. per later logy ] 


419 mye = 308,000, at 340 my = 20,550, at = 18,200, at OSY 
my = 18,200, and at 510 mp = 2450. 

A comparison of the position of the visible absorption spectra of various 
divalent metal mesoporphyrins which have been studied shows that the 
Mg compound has its bands furthest displaced toward the red end of the 


spectrum (4). 

Preparation of Dipotassium Salt of My Protoporphyrin —30 mg. of the Mg 
protoporphyrin ester were treated in a 50 cc. centrifuge tube with 5 ce. of 
30 per cent methyl alcoholic KOH for 15 minutes at 40°. Then 10 to 15 
ce. of water were added, resulting in a flocculent precipitate. The precipi- 
tate was centrifuged down and the supernatant liquid discarded. The 
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precipitate Was dissolved in 5 ce. of hot methanol and placed in the ice box. 
Crystals arose, consisting of rhomboid plates, often highly twinned, espe- 
cially it rapidly tormed (Pig. 5). If ervstallization did not occur under 
these conditions, then crystallization could be induced by adding small 
portions of a solution made up by diluting the methyl alcoholic KOH 1:10 
with water. The plates were dichroic, dark red and pale vellow. On the 
basis of calculated, N = 8.4 per cent; found, 8.2 per cent. 
The absorption spectrum of this compound was measured in 0.02 nN KOH 
containing 5O per cent ethanol. The extinction values in this solution are 
lower than for the ester in the ether solution (lig. 3). 

Biological, Activity Hemophilus influenzae Turner requires heme_ or 
protoporphyrin for growth and for the reduction of nitrate to nitrite (4). 


hand. formed rapidly from aqueous methanol, & 400; right-hand, formed slowly 
from methanol, LOO 


It bas found that Mg protoporphyrin would support the growth of this 
organism at a concentration one-fifth of that of protoporphyrin. As with 
protoporphyrin, the nitrate reducing activity of organisms grown on Mg 
protoporphyrin was proportional to the growth of the organisms. A 
tentative explanation for the fact that the growth-promoting effect of 
magnesium protoporphyrin is greater than that of the protoporphyrin 
itself mav be found in the fact that the magnesium porphyrin has a smaller 


tendency to torm colloidal solutions and will theretore be more readily 
available to the cell than porphyrin itself. Onee in the cell, it is probable 
that the magnesium is split out and then the tron inserted (4). 


We desire to express our thanks to Dr. L. Michaelis tor his constant 
stimulation and advice 
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SUMMARY 


From 100 ec. of cells of Chorella mutant 60, about 0.5 mg. of a pinkish 
fluorescent pigment was isolated. This was identified as Mg protoporphy- 
rin in several ways. Its absorption spectrum agreed with the spectrum of 
synthetic magnesium protoporphyrin in position and relative heights of the 
bands. The metal was split out of the complex with acid and identified as 
Mg** by the quinalizarin lake method. The porphyrin was identified as 
protoporphyrin by its HCl number and by its absorption spectrum. 

Methods for the synthesis of magnesium protoporphyrin dimethyl! ester 
and of the dipotassium salt of magnesium protoporphyrin are described. 

The isolation of magnesium protoporphyrin suggests that, after the syn- 
thesis of protoporphyrin, insertion of magnesium is the next step in the 
biological svnthesis of chlorophyll by Chlorella. 
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WETHODS FOR DETERMINING THE IRON CONTENT OF MILK 
By FRANCES A. JOHNSTON, NAOMI GELLMAN, ano JUNIATA STROM 


(From the College of Home Economics and the School of Nutrition, Cornell 
University, Ithaca) 


(Received for publication, April 23, 1948) 


The iron content of milk was reported as 2.0 mg. per kilo in the mimeo- 
graphed ‘Tables of food composition” published by the National Research 
Council (1) in 1943. In 1945, when the “Tables”? were republished in 
bulletin form bv the Bureau of Human Nutrition and Home Economies in 
onjunction with the National Research Council (2), the value was dropped 
10 0.7 me. per kilo. ‘This value is still about twice as large as that of 0.32 
mg. per kilo reported by the senior author (3) in 1944. Thus the present 
study was undertaken to check the validity of the method used in the 1944 
investigation. in view of the fact that milk is used in large quantities, a 
correct Value for its iron content is important. Incidental to this study, 
a method has been developed which is deemed more satisfactory than the 
one used in the 1944 study. 


EXPERIMENTAL 


In the 1044 study the milk was dry-ashed and iron determined by the 
thiocyanate method. 50 mil. of milk were mixed with 15 drops of nitric 
acid in a platinum dish, the curdled milk was heated at 80° until the water 
had evaporated, the residue was then placed in a muffle furnace in which 
the heat was slowly increased to 400°, and heating continued until the ash 
was white. ‘The ash was dissolved in redistilled hydrochloric acid and 
filtered through No. 44 Whatman filter paper. ‘The filter paper containing 
the incompletely ashed material was dried, fused with sodium carbonate, 
and dissolved in redistilled hydrochloric acid. The combined ash solutions 
were put into an Erlenmeyer flask, 15 drops of concentrated nitric acid were 
added, and the flask was heated on a hot-plate to hydrolyze pyrophosphates 
to orthophosphates. Heating was continued for 30 minutes or enough 
longer to reduce the volume to approximately 4 ml. The solution was 
diluted to 50 ml. and a 20 mil. aliquot used for the iron determination. 
Stugart’s (4) thiocyanate method was employed and the colors were read 
inan I-velyn colorimeter. 

The method was checked in the following ways. 

(a) Samples of milk larger and smaller than the 50 ml. originally used 
were analyzed. The iron content of 25, 50, and 75 ml. samples was found 
to be 0.46, 0.42, and 0.42 mg. per kilo respectively. The agreement is 
satisfactory for smal] amounts of tron. 
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(0) To check for the possibility of volatilization of iron during dry ash. 
ing at 400°, recoveries could not be used because the salt added for the 
recoveries would not be in the same form as that in the milk. Two ways of 
testing were considered feasible. In one the milk was wet-ashed by a modi- 
fication of the method of Roberts, Beardsley, and Taylor (5), in which ease 
the temperature would be no higher than 310°; the results were compared 
with the same milk dry-ashed by the original method at 400°. Accordingly, 
milk from three companies was analyzed by both procedures. By the wet 
ashing procedure the iron content was found to be respectively 0.29, 0.31, 
and 0.27 mg. per kilo and by the dry ashing procedure 0.28, 0.28, and 0.98 
mg. per kilo. This showed that the high temperature used in dry ashing 


TaB_e I 
Tron Content of Milk As Found by Three Methods 
Distributor Bottle No, | ac’ 
me. per ke. me. per ke. mc. per kg. 
A l 0.32 0.33 0.31 
2 0.34 0.54 0.35 
B ] 0.32 0.30 0.32 
2 0.350 0.25 
C 0.56 0.27 
2 0.46 0.47 0.34 
0.57 0.59 0.50 
D l 0.37 0.42 0). 32 
we, 2 0.41 0.42 0.35 
0.39 0.40 0.33 


Average... 0.38 0.39 0.33 


does not cause a loss of iron, or at least causes no more loss than occurs 
at the lower temperature used in wet ashing. 

The second means of testing for the possibility of volatilization of iron 
during dry ashing was to employ a new method developed by Ruegamer, 
Michaud, and Elvehjem (6) in which milk is not ashed at all and, therefore, 
not subjected to a high temperature. The protein is precipitated with 
trichloroacetic acid and the a,a’-dipyridyl test applied to the filtrate. 
When the tron content of ten bottles of milk was determined by our dry 
ashing method and by the non-ashing method, the values for three of the 
bottles (see Table I) agreed within +0.01 mg., but the values for seven of 
the bottles found by the non-ashing method were actually 0.05 to 0.12 mg. 
per kilo lower than those found by our method. This does not indicate 
any loss of iron during ashing by our method. When the thiocyanate 
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color test and the a,a’-dipyridyl color tests were applied to the ashes ob- 
tained by our method of dry ashing, the difference in the mean values was 
only 0.01 mg. per kilo (Table 1). The difference in the values found by our 
dry ashing method and the non-ashing method was, therefore, attributed to 
the processes used for the removal of organic material rather than to the 
color tests. 

(c) The possibility that iron might be lost during hydrolysis was considered 
also. Since the milk ash was dissolved in hydrochloric acid, some of the 
iron present in the resulting solution may have been in the form of ferric 
chloride, although much of the iron was present as phosphate. It is this 
ferric chloride that might be carried off during the hydrolysis of the pyrophos- 
phate to orthophosphate. To test this possibility a known amount of 
ferric chloride was added before hydrolysis. Recoveries of 91.1 and 104.3 
per cent indicated little or no loss during hydrolysis. 


Improved Method of Ashing 


In the course of checking our 1944 method by a comparison of values 
found by wet ashing and dry ashing, a method for wet ashing was developed 
which was deemed more satisfactory than the original dry ashing or any 
other dry ashing method because it obviated much of the danger of con- 
tamination. ‘This is an important point, as it is possible to get fairly even 
contamination, so that duplicates check even when first starting dry ashing 
procedures. ‘Thus values higher than the true ones may be found from the 
first two or three analyses; this is not apt to happen with wet ashing. Wet 
ashing methods have been considered unsuitable for use with milk by some 
investigators. We believe, however, that the method we have used is 
suitable. We avoided the use of perchloric acid because in our experience 
wet ashing procedures involving its use vield values which are too low. 

The method we used is a modification of the method of Roberts, Beards- 
ley, and ‘Taylor (5). It is as follows: Deliver 15 ml. of milk from a pipette, 
calibrated to deliver a known weight of milk, into a 300 ml. Kjeldahl flask 
containing Pyrex glass beads. Add 1 ml. of concentrated sulfuric acid and 
5ml. of concentrated nitric acid (0.0000 per cent iron). Heat the milk with 
the acids until it chars. Make three more additions of 5 ml. of nitric acid 
and then 0.5 ml. additions until the contents of the flask are clear and com- 
pletely colorless. Cool slightly, add 1.0 ml. of superoxol dropwise, and heat 
until the heavy fumes disappear. It is important that all the superoxol is 
dispelled. Cool slightly, add 5 to 6 ml. of glass-distilled water, and let 
stand overnight. 

Add about 5 ml. more water and filter through Whatman No. 44 filter 
paper in Pyrex funnels into 60 ml. pear-shaped Pyrex separatory funnels. 
Wash four times, keeping within a total volume of approximately 20 ml. 
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Add 1 drop of 0.04 potassium permanganate and mix; add more if the colo, 
fades. Add 15 ml. of isoamyl alcohol and 5 ml. of 20 per cent potassium 
thiocyanate. Shake, pour off the alcohol layer, and read its depth of color 
in an Evelyn photoelectric colorimeter against pure isoamy! alcohol set 
100 per cent transmission with Filter 490. 

The ash solution is very acid, due to the 1 ml. of sulfuric acid present, 
but the milk ash reduces the acidity somewhat and may have some buffer. 
ing effect. At any rate, the acidity does not cause turbidity in the alcohol. 
If the separatory funnel is gently swirled so that the contents wash the top 
after the water layer has separated, and if a little of the alcohol layer js 
discarded and the rest poured over the same place in the neck of the separa. 
tory funnel into the colorimeter tube, turbidity seldom develops. If jt 
does, the alcohol layer can be poured through a tiny bit of hydrochloric aeid- 
washed cotton in a small Pyrex funnel. The dry cotton removes the water 
which causes the turbidity. 

The standard curve is constructed from readings obtained on a series of 
solutions, each of which contains an ashing blank and a known amount of 
ferric salt. For the ashing blank, | ml. of sulfuric acid, 21 ml. of nitric 
acid, and 1 ml. of superoxol are heated as for the unknowns. ‘The resulting 
solution is so acid that it causes turbidity in the color test. ‘The acidity, 
therefore, must be reduced with concentrated ammonium hydroxide. A 
high grade of ammonium hydroxide contains so little iron as to be negli- 
gible in the amount used. ‘The amount of ammonium hydroxide to be added 
must be determined each day. Add the amount which is needed to neu- 
tralize 0.5 ml. of the sulfuric acid when titrated with phenolphthalein as the 
indicator. Add that amount to the contents of the Kjeldahl! flask; cool, 
transfer to a separatory funnel, add the standard with care to keep the 
total volume at approximately 20 ml., and proceed with the color test as 
for the milk ash. If nine ashing blanks are prepared, triplicates can be 
determined for 3.9, 5.0, and 7.0 y of iron. 

The precipitate caught on the filter paper can be tested to show that it 
contains no iron by dissolving it in redistilled 7 N hydrochloric acid, diluting 
to an acidity of | to 2 x, and color-testing it with only about 2 ml. of iso- 
amylic alcohol. 


DISCUSSION 


None of the ways of checking the method used in our 1944 study (3) for 
analyzing milk for iron gave any indication that the values found by that 
method were too low. The possibility that all the pyrophosphate is not 
hydrolyzed to orthophosphate by boiling with hydrochloric and nitric acids 
was investigated by Stugart (4), who added pyrophosphate before hydroly- 
sis and obtained complete recoveries. Other investigators have found 
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values similar to our value of 0.32 mg. per kilo: Krauss and Washburn 
(7) found 0.34 to 0.45 mg. per liter, Roberts et al. (5) 0.42 mg. per kilo, and 
Dahlberg and Carpenter (8) 0.29 to 0.46 mg. per kilo. 


SUMMARY 


|. All employed methods of checking failed to indicate that the pre- 
viously reported (3) value for iron in milk of 0.32 mg. per kilo was too low, 
despite the fact that the value of 0.7 mg. per kilo subsequently was used 
by others (1) in important tables. 

2. \ modification of the method of Roberts, Beardsley, and Taylor (5) 
has been described. It employs wet ashing, which lessens the danger of 
contamination and appears to be the most satisfactory method for the 
determination of iron in milk. 
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THE TRANSFER OF IMMUNITY TO THE NEW-BORN CALF 
FROM COLOSTRUM 


By EMIL L. SMITH* ann AUGUST HOLM 
(From the Biological Laboratories, EF. R. Squibb and Sons, New Brunswick) 


(Received for publication, April 26, 1948) 


Some years ago, Theobald Smith and his associates (1) showed that 
passive immunity acquired by the new-born calf from colostrum is of prime 
importance in protection against infectious disease. At about the same 
time, Orcutt and Howe (2) observed that, after the ingestion of colostrum, 
agglutinins appear in the calf serum associated with a globulin which is 
precipitable at low concentrations of sodium sulfate. Jameson, Alvarez- 
Tostado, and Sortor (3) later found by electrophoretic analysis that the 
serum of the new-born calf does not contain y-globulin, and that the ap- 
pearance of slow moving globulin follows the feeding of colostrum. Similar 
observations have been made by San Clemente and Huddleson (4) for the 
ealf, and by Polson (5) for the new-born foal. 

Since it has already been demonstrated that the immune lactoglobulin 
of the colostrum differs from the y-globulin of cow serum in electrophoretic 
mobility and other properties (6-11), it was of interest to ascertain whether 
the new protein which appears in calf serum after it receives colostrum 
possesses the sume electrophoretic properties as the colostrum globulin, 
or Whether this immune lactoglobulin is modified during its passage from 
the intestine of the calf to the blood stream. Hyperimmunization was 
performed with « mixture of antigens: diphtheria toxin (or toxoid), vac- 
cinia Virus, and a killed culture of Hemophilus pertussis.’ It was, therefore, 
possible to follow changes in the acquired immunity of the calf parallel with 
electrophoretic studies of the serum, and to determine the duration of the 
passively acquired immunity. 

A few observations have also been made on the electrophoretic patterns 
of the serum of the new-born lamb before and after the ingestion of colos- 
trum, and these have been compared with the pattern obtained with ma- 


ternal sheep serum. 


* Present address, Department of Biological Chemistry, University of Utah School 
of Medicine, Salt Lake City 1, Utah. The work reported in this paper was completed 
in April, 1046. 

' Studies on the hyperimmunization of bovines with these and other antigens will 
be reported elsewhere by one of us (A. HL.). It should also be noted that previous 
studies (6-11) of bovine immune proteins were made with animals immunized to these 


same three antigens. 
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electrophoretic Studies on Calf Serum 


By fractionation of hyperimmune bovine plasma, two different proteins 
associated with immune activity have been isolated: a y-globulin with an 
electrophoretic mobility of 1.3 *& 10° sq. em. per volt per second, and g 
T component with a mobility of 2.5 &* 10° as measured in 0.1 M verona! 
(diethyl barbiturate) buffer at pH 8.6 (6). Hess and Deutsch (12) have 
obtained similar proteins from normal bovine serum. ‘The immune lacto- 
globulin of colostrum has an electrophoretic mobility similar to that of the 
T component (6). Since both the colostrum and ‘T-globulins have mo- 
bilities near that of fibrinogen, our observations were made with serum 
rather than with plasma. ‘The electrophoretic analyses were performed at 
1° in a Tiselius apparatus equipped with the Longsworth schlieren scanning 
device. The calf was separated from the mother immediately after birth 
and was fed 2750 ec. of the first colostrum during the next 40 hours; there- 
after, the calf was fed on a mixed artificial diet. 

Fig. 1 shows the electrophoretic patterns of the sera of the calf at birth 
and at later intervals. For comparison, the serum of the mother taken 3 
days before term is also shown. It is apparent from Fig. | that the serum 
of the new-born calf does not contain y-globulin and that ‘T-globulin is 
also absent. Moreover, none of the antibodies present in the serum of the 
mother could be demonstrated in the serum in the new-born (Table II]). 
This is in agreement with previous observations that there is no placental 
transfer of antibodies in this species (13, 14). After ingestion of colostrum, 
a new component appears in calf serum which has an electrophoretic 
mobility of 2.1 K 10~° sq. em. per volt per second in veronal buffer of pH 
8.4. ‘Thus, this component retains the characteristic mobility of the im- 
mune lactoglobulin after passage from the digestive tract to the blood 
stream of the calf and is not a y-globulin. Examination of the data of 
Jameson, Alvarez-Tostado, and Sortor (3) and of San Clemente and 
Huddleson (4) shows that in these cases also the new globulin in calf serum 
possesses the mobility of the colostrum globulin. 

Tables I and II present the analytical data for the calf sera at different 
ages. These data indicate that several striking changes occur during the 
growth of the young calf. The most obvious is the large amount of im- 
mune protein which appears after the feeding of colostrum and its gradual 
diminution. Also noteworthy is the absence of y-globulin at birth and its 
gradual appearance only many weeks later. ‘The a, component, which 
decreases in concentration, is probably the fetuin described by Pedersen 
(15) as the main constituent of fetal a-globulin. In Table II are the values 
for the absolute concentration of each serum component. ‘These data 
show clearly that after ingestion of colostrum there is no immediate change 
in the absolute amounts of the albumin or the a-globulins, but there seems 
to be an increase in the 6, component. The a;-globulin appears late, and, 
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although it is first clearly separable at 122 days, it is apparently meluded 
with the a, at 87 days. 

Both the ae-globulin and the albumin show a striking decrease in electro- 
phoretic mobility after the ingestion of colostrum. This change may be 
due to the influence of the large amount of colostrum globulin on the vis- 
cosity and the electric properties of the diluted serum, rather than to a sud- 
den change in the character of the a-globulin or the albumin. 


Fic. 1. Electrophoretic patterns of the descending boundaries of the serum of a 
new-born calf and of the same animal 2, 50, 87, and 122 days later. For comparison, 
the maternal serum obtained 3 days before term is also shown. ‘The runs were per- 
formed at 1° in a veronal buffer of pH 8.4 to 8.6 and at an ionic strength of 0.1. The 
serum of the new-born is practically devoid of slow moving globulins. The immune 
component appears after feeding colostrum. The absolute heights of the different 
serum samples cannot be compared, as electrophoresis was performed at different 
protein concentrations 


In addition to the data already presented, observations were made on the 
sera of two other new-born calves. The electrophoretic patterns obtained 
on the sera before and after feeding were similar to those described above. 


Immune Properties of Calf Serum 


In Table II] are given the data for the immune activity of the whole 
colostrum whey and of the calf serum at different ages. Assays of diph- 
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theria antitoxin were performed by the rabbit skin test as described by 
Jensen (16). The values for pertussis antibodies were measured in mouse. 


[ 


Electrophoretic Analyses of Calf Serum 


The electrophoretic analyses were performed at 1° in veronal buffer of pH 8.4 to 
S.6 and at an ionic strength of 0.1. The mobilities are K 10° sq. em. per volt per 
second and are negative in sign. The values were obtained from photographs of 
the descending patterns taken at 150 to 250 minutes. The serum protein was eal. 
culated from protein N X 6.25. 


Colostrum 

Pro- globulin B: a a Albumin 

tein — 

Age of calf in Con- Con. Con. Con- Con Con Con Con. 

serum cen cen- cen cen cen- cen cen- cen.- 

tra tra. tra- tra tra- tra tra tra- 

tion tion tion tion tion tion tion tion 

days per per per per per per per per per 

4 cent cent cont cent ent con cent cent 

1.5 20 46.4 3 7.5 43 

2 | 8.0 2.4; #4;3.1 8 | 3.6 2 23 5.6 2 6.4) 2) 

6.1 2 12.1 | 2.8 18 3.6 4 15 15 5.4 5 6.3 4 

S7 6.2 1.4, 6 (2.3 10 3.4 4 5.2 4 6.2) 47 

122 5.8 1.3) 7 2.1; 10/2.¢ 11° 3.2 2 4.0 10 4.6 10 5.2 4 60 4 

Mat - 1.4, 20 2.4* 10 3.09 12 3.0 5 18 6.6 3 6.3 32 
ernal 


* T-Globulin. 


Com position of Calf Serum at Ditierent Aves 
The values are caleulated from the percentage for each Comiponent of the total 
refractive increment and the total protein content of the serum. The concentra- 
tions are in gm. per 100 ec. of serum. 


Age | Bz 3; a a Albumin 
days 
2 3.52 0.64 O16 1.S4 0.16 1.68 
50 0.06 0.42 O24 92 O31 2.8] 
0.74 0.62 25 1.05 0.25 2.91 
5S 0.12 5S 0). 23 2.67 


0.41 0.5 


~-~ 


protective units by a modification of Silverthorne’s method (17), and the 
vaccinia assays were made by a rabbit skin test.” 
These data show that the calf may acquire a high level of immunity from 


* Holm, A., unpublished. 
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the colostrum, as already demonstrated with other antibodies. Since the 
ealf was fed colostrum for only a short time, it is possible to caleulate the 
approximate duration of the passively acquired immunity. For the per- 
tussis and vaccinia antibodies, the time for the activities to decrease to 
one-half their initial values is about 50 days. The more precise determina- 
tions of the diphtheria antitoxin show a half life of about 16 days, and the 
data in Table Il from the ‘Viselius analyses indicate 20 days. Since the 
animal was growing rapidly, dilution of the antibodies must have occurred, 
and the true half times must be even greater than the calculated values. 

While there is some variation for the different antibodies, there is no 
doubt that the passive immunity is effective for a considerable length of 
time. It may be remarked that humans who are negative to the Schick 
test are regarded as immune to diphtheria when this test reflects a serum 


Taste III 
Immune Properties of Colostrum and of Calf Sera at Different Ages 


Ace Diphtheria antitoxin 
days | unils per cc. unils per cc. 
() <0.001 0) 0 
2 1) 70 6400 
ou 5.0 40 | 3200 
ST 1.0 20 1600 
122 0.6 16 SOO 
Colostrum SO 190 : 6400 


*The vaccinia virus was measured in neutralizing skin test doses per ce. 


level of about 0.03 antitoxic unit per cc. For the calf described here, the 
level of ejreulating diphtheria antitoxin was higher than this 4 months after 
the feeding of colostrum. This clearly indicates the important role that 
this passive immunity may play in the life of the new-born. Obviously, 
the persistence of immunity depends greatly on the initial titer of the eolos- 
trum and the amount fed. If the calf in this experiment had been permit- 
ted to suckle without restriction, circulating antibody concentrations might 
have been greater and persisted much longer. However, Hansen and 
Phillips (18) have recently observed that colostrum globulin is absorbed 
into the serum of the new-born calf only during the first 24 hours of life. 

It may be estimated from the data on Lamb | of Mason, Dalling, and 
Gordon (13) that the approximate half life of immunity for lamb dysentery 
antitoxin acquired from colostrum is 12 to 15 days; this is similar to our 
data on the calf for diphtheria antitoxin. ‘The duration of the passive im- 
munity acquired by the feeding of colostrum in ruminants shows consider- 
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able variation from that of other types of passive immunity in different 
species. The data of Heidelberger et al. (19) on homologous type I pneu- 
mococcus antibody injected into a rabbit show that approximately one-half 
of the activity disappeared in about 36 hours, while the half life of an ae- 
tively produced antibody molecule was about 2 weeks. 

The difference in the duration of the passive immunity may be due more 
to a species difference than to the route of immunization. ‘Iwo examples 
from the older literature may be cited. The data of Smith (20) on the 


Fic. 2, Electrophoretic patterns of the descending boundaries of the sera obtained 
from a new-born lamb, a 3 day-old lamb, and of the mother. The runs were per- 
formed at 1° in a veronal buffer of pH 8.6 and at an ionic strength of 0.1. The serum 
of the new-born does not contain any slow moving globulin. This component appears 
only after the ingestion of colostrum. 


persistence of antitetanolysin injected into a rabbit intraperitoneally or 
intravenously show a half life of about | day, in a goat of about 4 days, and 
for diphtheria antitoxin in man of about 3 or 4 days. On the other hand, 
the data of Bulloch (21) on the duration of passively acquired diphtheria 
antitoxin in the donkey show a half life of about 20 days. 


Llectrophoresis of Lamb and Sheep Sera 


In Fig. 2 are shown the electrophoretic patterns obtained with the sera 
of a new-born lamb, of a 3 day-old lamb, and of the mother. It is quite 
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apparent that the serum ot the new-born lamb resembles that of the calf, 
and is devoid of slow moving globulins which appear only after suckling 
has occurred. Iarle (22) has already shown by Howe’s salt fractionation 
method that the effect of colostrum ingestion on the serum proteins of young 
foals, kids, lambs, and pigs is similar to that found by Howe in calves. 
In Table LV are presented the data for the composition and mobility of 
the sera shown in Fig. 2. These data were derived from photographs taken 
at 167 and 250 minutes. The mobility of sheep y-globulin is quite high, 
and in this respect resembles the T-globulin usually present in the hyper- 
immune sera of the cow and the horse. Since the colostrum globulin mi- 
grates only slightly faster than the y-globulin of the maternal serum, it 


TaBLe LV 
Llectrophoretic Analyses of Lamb and Sheep Sera 


These analyses were made at 1° in veronal buffer of pli 8.5 to 8.6 and at an ionic 
strength of 0.1. The mobilities are X 10° sq. em. per volt per second and are nega- 


tive in sign. 


New-born lamb 3 day lamb | Maternal 
| Concen- | Concen- | Concen- 
| tration tration | tration 
| per cent per ceni «per cent 
By 3.6 10 
8, 3.5 | 4.0 2 3.0 7 
ey 4.1 5 4.2 5 4.2 15 
as 5.1 31 4.8 6 5.1 6 
ay 6.1 7 5.5 10 5.8 2 
Albumin | 7.6 56 | 6.6 : 4] 6.7 | 44 


* Colostrum globulin. 


would be difficult in this species to distinguish between the passively ac- 
quired globulin and the adult y-globulin. In addition to the colostrum 
globulin which appears in the serum of the 3 day-old lamb, the 8-globulins 
show a marked increase, and the relative amounts of the a-globulins change 
considerably. 

In contrast to the abscnce of y-globulin from the sera of the new-born 
calf and lamb, Longsworth, Curtis, and Pembroke (23) have recently found 
that in the human y-globulin is slightly higher in the serum of the new-born 
than in the mother. Since it is well known that in the human there is 
placental transmission of antibodies, there is good correlation between the 
presence of y-globulin and immunity in the new-born. 

Electrophoretic examination of fetal or new-born sera of different species 
taken prior and subsequent to ingestion of colostrum may provide a simple 
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test for ascertaining whether antibodies are transferred through the placenta 5. P 
or the colostrum, or by both of these routes. 


6. J 
The authors gratefully acknowledge the technical assistance of Douglas |!” 5 
M. Brown. 


SUMMARY 


1. The serum of the new-born calf does not possess any slow moving | 2! 
globulin (y or T components). After ingestion of colostrum, an electro. | 7: 
phoretic component appears in calf serum, which is identical in mobility 4 
with the lactoglobulin which has previously been demonstrated to carry 
immunity in bovine colostrum. Similar observations have also been made 
on new-born lamb serum. 

2. During growth of the yvoung calf, changes also take place in other 
serum components as observed by electrophoretic analysis. “Vhe y-globu- 
lin appears some time after birth and gradually increases in concentration, 
The mobility and concentration of the serum albumin and a-globulin also 
show striking alterations. 

3. Antibodies to three different antigens, two of them foreign to the 
species, were absorbed by the calf from colostrum. The concentration in 


the serum of these antibodies gradually decreased, and the time for the 
activity of these antibodies to drop to half their initial values was estimated 
as follows: for the diphtheria antitoxin about 16 days, for Hemophilus per- 
fussts and vaccinia antibodies about 50 days, and for the immune compo- 
nent estimated by electrophoretic analysis about 20 days. 
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STUDIES ON THE INHIBITORY NATURE OF 
4-AMINOPTEROYLGLUTAMIC ACID 


By J. J. OLESON, B. L. HUTCHINGS, ano Y. SUBBAROW 


(From the Lederle Laboratories Division, American Cyanamid Company, Pearl River, 
New York) 


(Received for publication, April 14, 1948) 


The compound, 
glutamic acid, herein designated as 4-aminopteroylglutamic acid, has been 
found to be a potent antagonist of pteroylglutamic acid. Data on the 
inhibition of the growth of rats, chickens, and S/replococcus faecalis R by 


this compound are reported. 
The structure of the compound is shown by the accompanying formula. 


COOH 4 
NH; 
CH, 
coon 
EXPERIMENTAL 


Synthesis- ‘The compound was prepared by the method of Seeger et al. 
(1) by condensing 2,4,5,6-tetraaminopyrimidine sulfate, 2,3-dibromo- 
propionaldehyde, and p-aminobenzoylglutamic acid, and kindly supplied 
tous by Dr. James M. Smith, Jr., of the Caleo Chemical Division, American 
Cyanamid Company. 

Inhilntion of Bacterial Growth—Streptococcus faecalis KR was grown on the 
medium of ‘Teply and Elvehjem (2) for 18 hours in the presence of different 
levels of metabolite. Varying concentrations of inhibitor were added with 
each level of metabolite. An inhibition curve was then plotted, from 
which the point of half maximum inhibition was obtained. The inhibition 
index was calculated for each level of metabolite and is defined as the ratio 
of inhibitor to metabolite which will produce half maximum inhibition (3). 

Rat and Chick Experiments--Weanling rats were fed the basal diet of 
Spicer et al. (4) and water ad libitum. The chicks were fed the basal diet of 
Hutchings et al. (5). Freshly prepared solutions of the metabolite and 
inhibitor in dilute sodium bicarbonate solution were fed orally or mixed in 


the basal diets. 
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Results 


Inhibition of Bacterial Growth The data on the inhibition of Streptococcus 
faecalis R and its reversal by four different metabolites are summarized jn 
Table 1. Each metabolite is capable of completely reversing the inhibition 
produced by 4-aminopteroylglutamic acid, but the inhibition index is not 
constant for different levels of the same metabolite. The fact that in- 
creasing amounts of the metabolite can reverse the effect of the inhibitors 
would seemingly eliminate the possibility of the antagonist affecting some 
enzyme not directly concerned in the metabolism of pteroylglutamic acid, 


Tasie | 


Inhibition of Streptococcus faecalis R with 4-Aminopteroulglutamic Acid 


Metabolite Concentration of Inhibition index* 
per mi. 

Pteroic acid 0.004 0.99 
0.04 
0.4 0.09 
Pteroylglutamic acid 0.003 2.66 
0.08 0.19 
0.3 0.07 
Pteroyl-y-glutamylglutamic acid 0.005 4.30 
0.05 0.33 
0.5 0.10 
Pteroyl-y-glutamyl-y-glutamylglutamic acid 0.07 0.49 
0.7 00S 
7.0 0.007 


* Ratio of the amount of inhibitor to metabolite that will produce half maximum 
inhibition. 


The explanation of the non-constancy of the inhibition index may be that 
a complex is formed between the enzyme and the inhibitor that is not 
readily dissociable. The inhibition with 4-aminopteroylglutamic acid is 
not of a strictly competitive nature. 

4-Aminopteroylglutamic acid is most effective as an inhibitor of the 
growth-promoting effect of pteroyl-y-glutamyl-y-glutamylglutamie acid 
and pteroic acid. This is similar to the action of pteroylaspartic acid (3). 
In contrast to this, the present inhibitor is more effective against pteroyl- 
glutamic acid than against pteroyl-y-glutamylglutamic acid. 

Chick Experiments—-The data from three experiments are shown in 
Table II. In the first experiment increasing amounts of the inhibitor were 
added to the basal diet containing 0.5 mg. of pteroylglutamic acid per kilo. 
The inhibition became apparent at the 1.0 mg. level of the antagonist and 
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Il 
Effect of 4-Aminopleroylglutamic Acid on Chicks 
$ | Average weight* 
Supplement per kilo basal diet 
é Initial day 8 days | 15 days 
em gm. | gm. 
1 | None 37 (7) | 61 (6) 74 (4) 
0.5 mg. pteroylglutamic acid 37 (7) ' (7) | 142 (7) 
3 As 2 + 0.25 mg. 4-aminopteroyiglutamie acid 37 (7) 70 (7) | 148 (7) 
“ (7) 65 (7) | 137 (7) 
2+1.0 37 (7) (6) 150 (3) 
sa" 2+ 2.6 37 (7) 69 (2) | 108 (2) 
7 days 10 days 
8 | 0.5 mg. pteroyigiutanne acid (7) (7) «109 (7) 
9/5 mg. 4-aminopterovighutamie acid + 0.5 mg. 3 17) 
pterovighutamic acid 
10 | 5 mg. 4d-aminopteroyiglutamic acid + 1.0 mg. 43 (7) 
pteroyl glutamic acid 
11 | 5 mg. 4-aminopteroyviglutamic acid + 2.5 mg. 3 
pterovighutamic acid 
12) 5 mg. 4-aminopteroyigiutamic acid + 5.0 mg. 37) ae (2) 63 (2) 
 pterovighutame acid 
13 | 5 mg. acid + 10.0 mg 67) 78 (1) (1) 
pteroyvigiutamic acid 
14 | 5 mg. 4-aminopteroylglutamic acid + 25.0 mg. (7) (2) |) (2) 
pteroylglutamic acid 
| 7 days 21 days 
— 
15 | 1.0 mg. pteroviglutamic acid 36 (7) 76 (7) | 188 (7) 
16 4.0 mg. 4-aminopteroviglutamic acid 36 (7) 
7'40 " 4 + 4 mg. 36 (7 64 (4) 160 (3) 
pteroyiglutamic acid 
IS | 4.0 mg. 4-aminopteroylglutamic acid + 12 mg. 36 (7) S46(5) 245 (4) 
pteroylglutamic acid 


0 mg. 4-aminopteroyighutamic acid + 24 mg. 36 (7) 76 (6) 212 (6) 
| pteroyvighutamic acid 

| 2) 64.0 mg. 4-aminopteroylglutamic acid + 48 mg. 36 (7) 76 (5) | 194 (5) 
pleroylglutamic acid 

21 4.0 mg. 4-aminopteroylglutamic acid + 06 mg. 36 (7) | 188 
pteroviglutamic acid 


* The figures in parentheses indicate the number alive. 


all the chicks died when 5.0 mg. were added. The deaths occurred mostly 
in the first 3 days, indicating a very rapid interference with the normal 


vt 
» € ore 
a 
a 
M 
| 
| 2 
i 
3 
4 
; 
| 
| 
4 
| 
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metabolism of the animals, as compared to simple dietary depletion of 
pteroylglutamic acid. 

In the second experiment a completely inhibitory level of the antagonist 
was fed and the concentration of the metabolite was increased. It is seen 
that 25 mg. of pteroylglutamic acid give very little reversal of the inhibition 
caused by 5 mg. of the 4-amino derivative. 

In the third experiment a slightly lower level of inhibitor and much higher 
levels of pteroylglutamic acid were fed. Complete protection against the 


Ill 
Inhibition of Rats by 4-Aminopteroylglutamic Acid 

= Average weight’ 
it Initial day 3days | 7days | i4days 21 days 

| | cm. 
1 | None 41 (3) | 50 (3) | 66 (3) 89 (3) | 125 (3) 
2 | 1 7 4-aminopteroylglutamic acid | 41 (3) | 49 (3) | 64 (3) | 92 (3) | 127 @) 
3) 3* (3) 5O (3) | 66 (2) 103 (1) | 141 (1) 
4/5“ - " 41 (3) | 47 (3) | 51 (2) 76 (2) | 112 (2) 
5 | 10 7 (3) | 43 (3) | | | 
6 | 20 | 51 (8) | 37 (3) 
7 | (3) | 34 (3) 
8 | 100 7 5 ™ 41 (3) | 31 (3) 
9 Vy 52 (2) | 41 (2) | 

| + 20 7 pteroylglutamic acid | 
10 | 20 7 4-aminopteroylglutamic acid 51 (2) | 37 (2) | 

100 y pteroylglutamic acid 
11 | 20 y 4-aminopteroylglutamic acid 45 (3) | 46 (3) 

200 pteroylglutamie acid 
12 | 20 y 4-aminopteroylglutamic acid 45 (3) 42 (3) 


+ 0.2cc. livert 

13. 20 y 4-aminopteroylglutamic acid 45 (3) 
+ 0.2 cc. liver + 200 y pteroyl- 
glutamic acid 


(3) 41 (1) 


* The figures in parentheses indicate the number alive. 
+t Lederle 15 unit liver, injected intramuscularly. 


effects of 4 mg. per kilo of diet of the 4-amino compound was obtained with 
96 mg. of pteroylglutamic acid. In the intermediate groups, a partial sur- 
vival with little growth inhibition was obtained. When no pteroylglutamic 
acid was fed, all the chicks died in 3 to 4 days. 

It seems that those chicks which survive the effects of a given level of the 
inhibitor in the presence of pteroylglutamic acid show little growth inhibi- 
tion, and that the per cent survival varies with the level of the inhibitor 
used. 

Rat Experiments—The inhibitor was fed to rats in graded doses, both 
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orally and mixed with the basal diet. Reversal of the inhibition was 
attempted by giving large amounts of pteroylglutamic acid. The data are 
summarized in Tables III and IV. 


TaBLe IV 
Inhibition of Rats by 4-Aminopteroylglutamic Acid 


Average weighbt® 


Supplement to basal diet 
S| Initial day 3days | 7days | 14days | 21 days 
| | em. em. cm. gm. 
14 | (4) | 52 (4) 66 (4) | 94 (4) (4) 
15 | 0.25 mg. 4-aminopteroylglutamic | 41 (5) | 42 (5) 51 (5) | 74 (5) |100 (4) 
| acid 
160.5 mg. 4-aminopteroylglutamic | 42 (9) | 46 (9) | 54 (9) | 66 (7) | 80 (5) 
acid | 
17'1.0 mg. 4-aminopteroylglutamic | 42(10) | 39 (9) | 61 (1) 
| acid | 
18 | 2.0 mg. 4-aminopteroylglutamic | 43 (7) | 35 (6) | | | 
acid | 
19 | 5.0 mg. 4-aminopteroylglutamic | 33 (3) | 
acid | | | | 
0 1.0mg.4-aminopteroylglutamic + | 44 (4) | 87 (4) | | 
mg. pteroylglutamic acid | 
21 1.0 mg. 4-aminopteroylglutamic | 44 (4) | 39 (4) | | 


| 40 (1) | 
acid + 5 mg. pteroylglutamic | 
acid | | 
22.1.0 mg. 4-aminopteroylglutamic 44 (4) | 44 (4) | 38 (3) 
acid + 10 mg. pteroylglutamic | 

acid 
0 mg 4-aminopteroylglutamic 

acid + 15 mg. pteroylglutamic | 

acid ' 
0 mg. 4-aminopteroylglutamic | 41 (6) 45 (6) 45 (1) | 57 (4) | 76 (4) 

acid + 20 mg. pteroylglutamic | | 

acid | 
2 1.0 mg. 4-aminopteroylglutamic 44 (4) 41 (4) | 60 (4) | 
| acid + 25 mg. pteroylglutamic 

% 41.0 mg. 4-aminopteroylglutamic 40 (4) | 47 (4) 53 (4) | 6Y (4) | 8Y (4) 
| acid + 30 mg. pteroylglutamic 


—- 


42 (2) | 46 (2) 


75 (4) | 95 (3) 


acid 

7 1.0 mg. 4-aminopteroylglutamic 40 (4) 48 (4) SI (4) 65 (4) $4 (4) 
acid + 40 ig pteroyviglutamic 
acid 


* The figures in parentheses indicate the number alive. 


It can be seen that the compound is extremely toxic for the rat, since as 
little as 10 y orally per day or 1 mg. per kilo of diet kills the animals in 
about 3 days. 
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The symptoms produced in the rat by feeding this inhibitor consist of a 
severe diarrhea, resulting in extreme dehydration, weight loss, porphyrin- 
stained whiskers, and hemoconcentration. Prior to death there are signs 
of nervous involvement and anoxia. Preliminary histological observations 
show extensive tissue changes and a very hypoplastic bone marrow. 

As in the case of the chick, very high levels of pterovlglutamic acid are 
required to obtain even a partial reversal on the rats. Since the amount 
of inhibitor required to produce a severe inhibition is so near the amount 
which kills the animal, an exact neutralization ratio is difficult to deter- 
mine. As in the case of the chicken, it appears to be an inhibition which 
is reversed with considerable difficulty. 

The question of whether the rapid death of the chicks and rats after ad- 
ministration of the inhibitor is due to a pteroylglutamic acid deficiency per 
se or to other pharmacological properties of the compound is not clearly 
answered by the above data. The fact that large amounts of pteroyl- 
glutamic acid can prevent the onset of the symptoms would seem to favor 
the former possibility. 


DISCUSSION 


These results make it evident that 4-aminopteroylglutamic acid is a 
powerful antagonist for pteroylglutamic acid and related metabolites. 

With Streptococcus faccalis R, the inhibition index was different for the 
different metabolites. Since a constant index for any given metabolite was 
not obtained, this inhibition is not a classical example of competitive inhi- 
bitions. <A slightly different inhibition pattern for Streptococcus faecalis R 
was obtained with this inhibitor as compared to results obtained previously 
with pteroylaspartic acid (3). 

For rats and chickens the inhibition would appear to be competitive, but 
only in the general sense that very high doses of metabolite are required to 
remove the toxic manifestations of the inhibitor. The quantity of inhibi- 
tor needed to produce effective inhibitions of the animals is so nearly that 
which rapidly kills the animals that the working range is very narrow. 

Blood studies indicate that a severe anemia can be produced by feeding 
this compound and that the anemia can be prevented or cured by the 
administration of pteroylglutamie acid.' 

It would seem necessary to handle this compound with the same pre- 
cautions used for other toxic substances. 


SUMMARY 


4-Aminopteroylglutamic acid was found to be an antagonist for pteroyl- 
glutamic acid for Streptococcus faecalis R, rats, and chickens. 
The inhibition is reversible but is not of a strictly competitive nature. 


1Unpublished data. 
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A CHEMICAL DETERMINATION OF STREPTOMYCIN IN BODY 
TISSUES AND URINE 


By VIOLA C. JELINEK anp GEORGE E. BOXER ° 
(From the Research Laboratories of Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, May 4, 1948) 


An adequate dosage for chemotherapeutic agents is generally established 
on the basis of the concentration of the particular drug in the blood. It is, 
however, a well recognized fact that for some antibiotics in a number of 
infections the site of the therapeutic action may not be the blood stream 
itself, but rather the affected tissues and their interstitial fluid. Informa- 
tion on the concentration of streptomycin in the tissues will be of partieular 
interest in the therapy of the non-hematogenous forms of tuberculosis. 

In previous papers, we have described chemical methods for the assay of 
streptomycin in clinical preparations, broth, urine, blood, and spinal fluid. 
These methods were based on the formation of maltol from streptomycin 
by heating with alkali (1) or on the formation of a fluorescent hydrazone 
of streptomycin (2). The fluorometric method affords a high degree of 
sensitivity, sufficient to measure the amounts of streptomycin present in 
blood and spinal fluid. This procedure with its accuracy and reproduci- 
bility permitted the demonstration of the detailed and predictable relation- 
ship between the amount of the drug injected and the blood levels obtained 
(3). A colorimetric method based on an analogous reaction of the aldehyde 
group of streptomycin, but of somewhat less sensitivity than the fluoro- 
metric assay, has been independently reported by Marshall, Blanchard, and 
Buhle (4). 

The distribution of streptomycin in the tissues of experimental animals 
has been determined by means of microbiological assay methods (5, 6) 
which are, however, subject to considerable inherent error. These data in- 
dicated that the quantities of streptomycin in the tissues following injection 
of therapeutic doses are of the order of magnitude of | to 20 y per gm. of 
tissue. Since the fluorometric procedure is sufficiently sensitive to measure 
such amounts, it has been adapted for the assay of streptomycin in tissues. 

The quantities of streptomycin excreted in the urine are usually large 
enough to be measured by a method based on maltol formation (1). For 
urinary clearance studies, however, it is desirable to measure the concen- 
tration of the drug in the blood and urine by a method based on the same 
chemical reaction, and the fluorometric procedure was thus extended for 
the assay of streptomycin in urine. Identical values were obtained with 
both methods, maltol formation and the fluorometric procedure. 
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In the fluorometric assay of streptomycin in blood a very small and essen- 
tially constant blank was obtained with the protein-free blood filtrates (2), 
Appreciable and variable blank values were encountered when the fluoro- 
metric method was applied to deproteinized filtrates from normal tissues, 
Usually the blank value for urine is nearly that of the reagent blank, since 
the urine is greatly diluted for assay; however, if very small quantities of 
streptomycin are to be determined in undiluted urine, the blank value 
becomes significant. These blanks can, however, be accurately deter- 
mined by selectively destroying the streptomycin without altering the 
amounts of the interfering substances present. Either acid or alkali 
destroys streptomycin; the choice of pH depends on the effect on the inter- 
fering substances. Heating in dilute acid will selectively destroy strepto- 
mycin in protein-free extracts of liver, brain, lung, heart, and spleen without 
changing the quantity of interfering substances present. Acid destruction 
Was previously used in the assay of streptomycin in broth by the maltol 
procedure (1). In urines, heating with acid not only destroyed the strep- 
tomycin but also liberated additional interfering material. .\ satisfactory 
urine blank was obtained by alkali heat treatment which converts strepto- 
mycin into maltol, not reactive in the fluorometric procedure, while the 
amount of interfering material was not changed. 

The fluorometric assay of streptomycin in liver was somewhat more 
involved. The deproteinized extracts of livers from normal well nourished 
animals contain large quantities of glycogen. Although glycogen does not 
react with acridyl hydrazine and is not inherently fluorescent, it will give 
spurious readings in the fluorophotometer due to the scattering of light. 
Removal of the glycogen from the protein-free extract was, of course, easily 
obtained by precipitation with an equal volume of ethyl aleohol, but it was 
necessary to remove the bulk of the aleohol, since the presence of appre- 
ciable quantities of ethanol seriously decreased the sensitivity of the assay. 

Wide variations, from 0 to 3000 y per ml., of the concentration of strepto- 
mycin in urine will be encountered in excretion studies. The dilution of the 
urine to the proper concentration for the fluorometric assay, | to 20 y, may 
not always be accurately predicted, and a determination may be out of 
range. Simple dilution of the final solution is not feasible, since the fluores- 
cence is critically dependent on the acidity. The acridyl hydrazone ot 
streptomycin, in addition to being fluorescent, has a vellow color in higher 
concentrations. This color was used to extend the usefulness of the hydra- 
zine method to a range from 1 to 500 y of streptomycin. ‘Thus, an assay 
which is out of range for the measurement of fluorescence can still be com- 
pleted by determining the light absorption at a wave-length of 440 mu. 

When the calibration curve of the fluorometric method was checked 
occasionally, it was noted that the curve had a definite lower slope on hot 
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days. In order to demonstrate that the intensity of the fluorescence of the 
acridy! hydrazone of streptomycin was dependent on temperature, fluoro- 
photometric readings were taken on a solution of acridyl hydrazone from 
20 7 of streptomycin while increasing and decreasing the temperature from 
92 -44°. In Pig. | the results of this experiment are represented graphically. 
The arrows indicate whether the reading was obtained on the heating or 
cooling phase of the experiment. From the smooth curve it is apparent 
that variations due to small, ordinary room temperature fluctuations will 
he significant only for the most accurate work. When the temperature is 
markedly different from that at which the calibration was performed, a 
percentage correction factor should be applied which is readily obtained 
from Fig. |. Alternatively, one can construct a set of calibration curves 
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TEMPERATURE , C° 


hic. 1. Influence of temperature on the fluorescence of the acridyvl hydrazone of 
streptomycin 


at several useful temperatures. In any case, at a given temperature the 
fluorescence Was still strictly proportional to the streptomycin present. 


EXPERIMENTAL 


Reagents — 

Reagents as described for the determination of streptomycin in blood 
(2). 

Isoamy! aleohol (7 volumes)-benzene (3 volumes) mixture. 

tn NaOH. 

4~ HCI. 

Determination in Urine —-The quantity of streptomycin in urine was 
measured by difference, the amount of interference being subtracted from 
the total amount of fluorescent material. For the ‘total’? determination 
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an aliquot of urine containing less than 20 y of streptomycin was diluted to 
14 ml., 1 ml. of 4 N HCl and 3 ml. of the acridyl hydrazine reagent were 
added, and the procedure for the determination of streptomycin in aqueous 
solution was followed (2). 4 N HCl was substituted for 3 x HC! in the pro- 
cedure for an aqueous solution to insure adequate acidity in the presence 
of the urinary buffers. The aliquot of urine used for a determination was 
usually considerably less than the equivalent of 0.1 ml. of undiluted urine. 
With more than 0.5 ml. of undiluted urine, recoveries were low, the blanks 
were excessively high, and the galvanometer readings were unstable, drifting 
upward. None of these difficulties were ever encountered if 0.5 ml. or less 
of the undiluted urine was used. 


TaBLe | 
Experimental Basis for Differential Assay of Streptomycin in Urine 


Galvanometer reading of urine blank 
Species Volume of urine 
Directly After with 
mi, 
Rabbit | U.2 14.0 i4.2 
0.5 27.0 26.5 
7 | 1.0 43.5 3.3 
Dog | 0.2 16.2 16.0 
= | 0.5 28.8 29.5 
1.0 49.0 51.0 
Mau ¥.0 8.2 
0.5 12.5 13.0 
0.5 9.0 8.8 
0.5 15.5 16.0 
0.5 13.8 12.0 
0.2 10.3 | 


10.0 


-— 


The “urine blank’? was obtained with an equal aliquot diluted to 5 ml., 
and the streptomycin was converted to maltol by adding 1 ml. of 3 nN NaOH 
and immersing the tube in a boiling water bath for 3 minutes. The tube 
was cooled, and 7 ml. of water were added, followed by 2 ml. of 4 N HCl and 
3 ml. of hydrazino-acridine reagent. The subsequent reaction and the ex- 
traction were as usual (2). 

Table I contains representative results which establish the essential 
requirement for a useful blank; namely, that the process which destroyed 
the streptomycin in urine does not alter the amount of interfering material. 

Since clinical experiments frequently require storage of urine samples 
prior to assay, the stability of streptomycin added to normal urine kept at 
refrigerator temperature was determined daily for a week. Both the 
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“total” determination and the amount of interference remained constant 
for this period. 

Determination in Tissue—The initial steps of homogenization and depro- 
teinization were the same for all the tissues, the entire procedure being 
accomplished in the Waring blendor. 5 gm. of tissue were minced, sus- 
pended in water to a volume of 80 ml., and homogenized in the blendor for 
3to5 minutes. With the blendor still in operation, the homogenate was 
deproteinized with 10 ml. of 10 per cent ZnSO,-7H.O, followed after | 
minute with 10 ml. of 0.5.“ NaOH. Mixing was continued for about 4 
minute before filtering. The quantities suggested can be efficiently manip- 
ulated in the macro container of the blendor; smaller quantities can be 
processed either in the micro container or by manual grinding and depro- 
teinization. 


TABLe II 


Experimental Basis for Differential Assay of Streptomycin in Tissues 
Galvanometer reading of tissue blank 


Directly After heating with acid 
Heart 9.0 | 8.8 
Brain 11.0 10.2 
12.3 12.0 
10.2 9.3 
Lung 9.8 8.8 
8.2 7.5 
11.8 10.3 
Spleen 14.0 15.3 


(a) Lung, Brain, Heart, Spleen-—Two aliquots of the protein-free filtrate, 
containing 0.5 gm. of tissue per 10 ml., were used in a differential method 
similar to that for urine. The ‘total’? value was determined in a 10 ml. 
aliquot by adding 4 ml. of water, 1 ml. of 4 N HCl, and 3 ml. of the acridine 
reagent, and continuing the procedure for the determination of strepto- 
mycin in aqueous solution (2). 

To obtain a “tissue blank,’’ streptomycin was destroyed in the second 
aliquot by heat treatment with acid. To a 10 ml. aliquot were added 3 ml. 
of 4 Nn HCl, and the tube was immersed in boiling water for 5 minutes. 
After cooling, 2 ml. of 4. NX NaOH and 3 mil. of hydrazino-acridine reagent 
were added and the procedure was completed as usual (2). 

Evidence in Table II is presented to show that the amount of interfering 
material is not altered when streptomycin is destroyed in tissue extracts by 
heating with acid. Representative values obtained with rabbit tissues are 
recorded. 
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(b) Liver The procedure for liver is essentially the same as that described 
for the other tissues, with the exception of additional steps for the remoya] 
of glycogen. An equal volume of absolute ethanol was added to 25 to 30 
ml. of protein-free liver filtrate and the glycogen precipitate was permitted 
to settle for 15 to 30 minutes. After centrifuging, the bulk of the ethanol 
was removed from two 20 ml. aliquots (20 ml. = 0.5 gm. of tissue) of the 
supernatant by extracting once with 20 ml. of isoamyl alcohol-benzene 
mixture for 10 seconds. ‘The water phase, 8.5 ml., was collected in a 25 ml, 
glass-stoppered graduate. For the ‘total’? determination the volume was 
brought to 14 ml. with water, and | ml. of 4 N HCl and 3 ml. of the acridine 
reagent were added. The reaction and separation procedures were as usual 
(2), except for the addition of 4 ml. of water before the separation with 
benzyl alcohol was begun. The presence of a small amount of residual 
ethanol causes a decrease of volume of the aqueous phase in the separation 
procedure, making this addition of water necessary to obtain the proper 
final volume of 15 to 16 ml. 

The water phase from the other aliquot was diluted to 10 ml. with water, 
3 ml. of 4N HCl were added, and the streptomycin was destroyed by heating 
in a Water bath at 80° for 15 minutes. The usual procedure at 100° would 
‘ause excessive boiling because of the small amount of residual alcohol. 
Subsequently 2 ml. of 4 N NaOH and 3 ml. of the acridine reagent were 
added, followed by the reaction and separation as usual, including the 
addition of 4 ml. of water, as in the corresponding ‘‘total’’? determination. 

The calibration curve obtained with streptomycin in 50 per cent ethanol 
with subsequent alcohol removal is slightly less sensitive than that obtained 
directly in the absence of alcohol. Thus, when this procedure is used for 
the determination of streptomycin in liver, a calibration curve involving 
the extraction of ethanol with isoamyl alcohol-benzene must be established. 


Results 


Analytical recoveries of streptomycin added to the normal urine of man 
and dog were determined on a number of samples. The recoveries were 
quantitative within the experimental errors of the fluorometric method, 
provided 0.1 ml. or less of undiluted urine was used per test. In six exper- 
ments on human urine, to which from 20 to LOO y of streptomycin per ml. 
had been added, 99 + 9 per cent were recovered when 0.2 ml. of urine per 
assay Wasused, The recovery obtained with twelve samples of human urine 
containing from 2 to 50 y of the drug per ml. was 95 + 6 per cent when 
0.5 ml. was used per test. In similar experiments with ten samples of dog 
urines containing from 25 to 100 y per ml. there was a recovery of 93 + 5 
per cent of the added drug when 0.2 ml. of urine was used, while 87 + 7 per 
cent Was recovered in nine cases in which 0.5 ml. of undiluted dog urine was 
analyzed containing from 10 to 40 y per ml. 
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The fluorometric method is sufficiently sensitive to determine 1 y of 
streptomycin per test (2). Thus urine containing 10 y per ml. can be 


‘assayed with 0.1 ml. of undiluted urine for the determination with no cor- 


rection involved for recovery. In the rare cases in which smaller concen- 
trations are to be measured, correspondingly larger volumes must be used, 
and appropriate confections made from the recovery data just presented. 
If 0.5 ml. of the urine is used per test, the lower limit is 2 y per ml. 

In Table [I] typical values on urines from patients and dogs receiving 
steptomycin intramuscularly are reported. The results from three methods 
of assay are compared: the fluorometric method, the colorimetric deter- 


mination of the acridyl hydrazone of streptomycin, and the assay based on 


III 


Determination of Streptomycin in Urine after Intramuscular Injection; Comparison of 
Various Chemical Methods 


Streptomycin determined by 


—— | Maltol method, phenol | Acridyl hydrazine method 
| Fluorometric Colorimetric 
~~ per ml, | y per ml. | > per ml 

Dog ) 178 160 

3 | 385 | 413 
799 832 
| 216 225 | 
“ | 59 66 | 
“ | 127 149 | 
Man | S23 704 748 
482 531 
| 755 S18 803 
| 1018 960 913 
610 593 


| 039 


maltol formation. ‘The agreement between the three methods was satis- 
factory, and, if the quantities of streptomycin are relatively large, any of 
these methods will give the desired results. For clearance experiments a 
method based on acridyl hydrazone formation is preferable, since the deter- 
mination in both urine and blood is based on the same reaction. The 
fluorometric is, of course, more sensitive than the maltol method. Fur- 
thermore, the acridy] hydrazone method is not influenced by contamination 
of the urine with feces, which seriously interferes in the maltol method. 

Recovery experiments of streptomycin added to various tissues of sev- 
eral species are summarized in Table IV. 

In these experiments the drug was of necessity added to the homogenate 
of the tissue and the essentially complete recoveries indicate that none of 
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the streptomycin was adsorbed during the deproteinization or lost during 
subsequent operation. In the case of the parenteral administration of 
streptomycin the possibility cannot be ruled out that some of the drug 


Tasie IV 
Analytical Recovery of Streptomycin Added to Tiss uc 


— 


Amount of streptomycin ,, 
Species Tissue per Pict cunt necovery and 

Dog Liver 5 11.1-19.9 103 + 14 
Lung 6 1 .4-13.9 9 + 8 
Brain y 1.4-19.5 06 + 10 
Spleen 4 1.4-19.5 96 + 
Rabbit Liver 15 1 .4—-28.0 + 
: Lung 7 2.8-20.9 99 + 6 
es Brain 6 2.8-20.9 09 + 6 

Spleen | 10.7 

Heart l 10.0 G4 
Cat Lung 5 2.8-13. 110 + 17 
Brain 1.4-19.5 + 10 

Spleen ] 2.8 93 

Taste V 


Determination of Streptomycin in Organs of Rabbits after Intramuscular Injection of 
Total of 60,000 > per Kilo of Streptomycin, Injected in Three Equal Doses at 
¢ Hour Intervals 


Kabbit A, Killed 1 hr. after Rabbit B. Killed 24 hrs. after 


Streptomycin last injection last injection 

y per mi, y per mi 
Plasma 75.5 1y.1 

y per gm. y per gm. 
Liver 11.2 3.6 
Lung 23.2 0.0 
Heart 16.2 1.8 
Spleen 10.2 <1.0 
Brain 2.8 1.4 


might be bound to the insoluble particles of the cells and could therefore 
not be released on homogenization into the solution. 

An example of the application of the fluorometric method to the deter- 
mination of streptomycin in tissues of animals receiving the drug intra- 
muscularly is reported in Table V. 

Thus it is demonstrated that streptomycin administered to the living 
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animal can be analytically determined in the tissues by the method de- 
scribed. Since the relatively small concentrations of streptomycin found 
in the tissues could be entirely due to the blood content of the organs, inter- 
pretation of the results must be deferred to a more detailed study. 


SUMMARY 


A fluorometric method for the determination of streptomycin in urine and 
tissue has been described. 

The lower limit of sensitivity is 2 y per ml. of urine and 2 y per gm. of 
tissue. 

Data on the analytical recoveries of streptomycin added to urine and to 
lung, liver, brain, heart, and spleen are presented. 

.The utility of this method for the determination of streptomycin in urine 
and tissues following parenteral administration has been demonstrated. 
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INVESTIGATIONS ON THE MUNG BEAN (PHASEOLUS 
AUREUS ROXBURGH) 


I. THE DETERMINATION OF EIGHTEEN AMINO ACIDS IN THE 
MUNG BEAN HYDROLYSATE BY CHEMICAL AND 
MICROBIOLOGICAL METHODS* 


By W. EDWARD BELTON anv CECILE A. HOOVER 
(From the Department of Chemistry, Tuskegee Institute, Alabama) 


(Received for publication, February 20, 1948) 


The mung bean, Phaseolus aureus Roxburgh, has been utilized as a 
source of protein in chick diets. Elementary feeding experiments con- 
ducted at Tuskegee Institute and elsewhere indicated that the addition of 
supplementary amino acids is required to increase the effectiveness of the 
mung bean as a source of complete protein in the diet. Since these amino 
acids and the amounts in which they must be added were not known, the 
present study was undertaken to determine the amino acid composition 
of the total protein of.the mung bean. 

Previous work on the analysis of the mung bean has been limited to an 
elementary chemical analysis by Heller (1) and determinations of the 
nitrogen distribution by Heller (2) and Johns and Waterman (3). In 
addition, the tyrosine and tryptophan contents of the a- and 8-globulins 
of the mung bean have been determined by Jones (4), using colorimetric 
methods. 


EXPERIMENTAL 


Preparation of Sample—All samples of the mung bean used in these 
experiments were prepared from beans grown on experimental plots. 
The beans were ground and the fat extracted with ether in a Soxhlet 
apparatus for 18 hours. 

From previous experiments undertaken to determine complete hydroly- 
sis, it Was found that autoclaving a 5 gm. sample with 60 ml. of 10 per cent 
hydrochloric acid at 15 pounds pressure for 5 hours gave best results. 
For tyrosine and tryptophan, alkaline hydrolysis with 50 ml. of 5 N sodium 
hydroxide in an autoclave at 15 pounds pressure for 5 hours was used. 
In all subsequent work, these conditions of hydrolysis were employed. 

The total nitrogen was determined by the micro-Kjeldahl method and 
found to be 3.73 per cent. 


* This work was aided by a grant from Swift and Company to the Carver Research 
Foundation. The material in this paper was taken in part from a thesis submitted 
by C. A. Hoover in partial fulfilment of the requirements for the degree of Master 
of Science in Chemistry, Tuskegee Institute, Alabama. 
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Colorimetric Assay—Quantitative work on colorimetric analysis jp. 
cluded assays of arginine, methionine, tyrosine, tryptophan, phenylalanine, 
and valine. The acid hydrolysate was used for all analyses except those 
of tyrosine and tryptophan. Varying concentrations of the standard 
solutions' and hydrolysate were prepared. From readings obtained on a 
Cenco Sheard-Sanford photelometer, the standard curves were plotted op 
Cenco semilogarithmic paper. Solutions of the hydrolysate were treated 
in a similar manner and the values obtained were interpolated on the 


standard curve for the corresponding amino acid. From these, percent- 
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Fic. 1. Colorimetric assay 


ages of the amino acids present in the hydrolysate were obtained. The 
data for these analyses are summarized in Fig. 1. 

Microhtological Assay—-The assay techniques employed in the micro- 
biological analysis were those of Dunn et al. (5-7) for Leuconostoc mesen- 
teroides P-60 and Baumgarten ef al. (8) for Lactobacillus arabinosus 17-5 
and Streptococcus faecalis. Experiments were run in quadruplicate with 
9 ml. of the basal medium made up to a final volume of 10 ml. by the addi- 
tion of varying ratios of distilled water and the standard solution or the 

‘c.p. grade amino acids were used in all assays. The folic acid, under the trade 


name Folvite, was purchased from the Lederle Laboratories Division, American 
Cyanamid Company. 
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and incubated 72 hours at 35-37°. 
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The tubes were autoclaved 15 minutes at 15 pounds pressure 
Titrations were made electrometrically 
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with standard base to pH 7 from a micro burette. Standard curves for 
microbiological assays of the amino acids are shown in Fig. 2. 

Recovery Experiments—To determine the validity of assay results, 
recovery experiments were conducted on the mung bean hydrolysate with 
added amounts of arginine, isoleucine, lysine, methionine, phenylalanine, 
threonine, and tryptophan. The results are summarized in Table J. 


TABLE ! 


Results of Recovery Kxrperiments on Amino Acid Vest Mixture 


Amino acid 
litration volume 


Amino acid per tube Recovery 
Added Found 
mi. 7 7 per cent 
Arginine 8.0 s.0 100 
2.90 2.0 19.5 Gs 
1.34 1.0) 100 
Isoleucine 2.90 26.0 100 
4.24 52.0 52.0 LOO 
9.36 77.0 79.0 a7 
6.36 103.0 12.0 
Lyaine 1.56 1.0) 
1.74 10.0 100 
2.10 20.0 
2.62 30.0 
$.40 40.0 
Methionine 3.76 1.3 1.6 105 
1.70 14.0 13.0 Qs 
5.78 22.0) 23.5 106 
§. 60 32.0) 41.5 GS 
7.74 13.5 3.5 
Phenylalanine 3.18 8.8 8.0 101 
5.85 14.0 14.0 
§.76 16.0 66.0 LO 
Threonine 1.30 20.0 2.0 100 
2.12 60.0 100 
2.72 80.0 S00 1) 
Tryptophan 2.10 2.1 2.2 104 
2.10 4.1 100 
3.80 §.2 §.2 100 
4.70 8.2 8.4 12 


Microbiological, colorimetric, and Van Slyke nitrogen distribution values 
for eighteen amino acids were summarized and compared in Table IT. 


DISCUSSION 


The values reported for the nitrogen distribution experiments have been 
checked against similar values reported by previous investigators. The 


ae 
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arginine value obtained in this investigation, 11.10 per cent, is considerably 
lower than the value reported by Heller; however, the histidine and cystine 
values, 6.73 and 1.66 per cent, respectively, agree closely with values re- 
ported by Heller, 6.76 and 1.62 per cent. The value reported for lysine 
is lower than that of Heller. However, it should be pointed out that the 
lysine Value is obtained by difference; hence, any discrepancy in the analysis 
of the total basic fraction would be reflected in the lvsine value. 


Il 


Comparison of Amino Acid Assay Values on Mung Bean with Other Work Previously 
Reported in Literature 


Chemical analysis 


This work Heller (2)* 
per cent per cent per cent per cent 
Alanine 0.81 
Arginine 2.56 2.61 2.56 3.15 
Aspartic acid 1.33 
Cystine 0.29 0.38 0.37 
Glutamic acid 11.69 
Glycine 0.07 
Histidine 1.52 1. 56 1.57 
Isoleucine 0.33 
Leucine 9.12 
Lysine 3.81 2.58 2.98 
Methionine 0.62 0.62 
Phenvlalanine 2.76 2 6 
Proline 5.27 
serine 2.85 
Threonine 1. SS 
Tryptophan 0.03 0.60 
Tyrosine 1.37 1.54 
Valine 6.16 6.20 


* The values in the last column were recalculated in terms of per cent amino acid 
in the protein for the sake of comparison. 


Whereas the quantitative assay involved the actual determination of 
eighteen amino acids, tests indicate the qualitative presence of hydroxy- 
proline and cysteine which cannot be determined microbiologically. 

By using the microbiological assay method, smooth standard curves, 
recovery of amino acids within the limit of experimental error, and identical 
results at various levels of the hydrolysate were established in assays with 
Leuconostoc mesenteroides P-60, Lactobacillus arabinosus 17-5, and Strepto- 
coccus faecalis. 

Eighteen amino acids in the mung bean were determined microbio- 
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logically. Alanine, histidine, lysine, methionine, and serine were deter. 
mined with Streptococcus faecalis; aspartic acid, glycine, leucine, 
phenylalanine, proline, tyrosine, tryptophan, threonine, and valine were 
determined with Leuconostoc mesenteroides P-60, and isoleucine was deter. 
mined with Lactohacillus arabinosus 17-5. 

The microbiological value for lysine, 3.81 per cent, Was considerably 
higher than the value obtained by the Van Slyke method, 2.58 per cent, 
However, this value is in agreement with the value reported by Heller. 
The values obtained for arginine by the Van Slyke method, 2.56 per cent, 
and the colorimetric method, 2.61 per cent, compare favorably with that 
obtained by the microbiological assay method, 2.56 per cent. The micro- 
biological values for histidine and cystine, 1.52 and 0.29 per cent, respec- 
tively, check closely with values obtained by the nitrogen distribution 
method, 1.56 and 0.38 per cent, and those reported by Heller, 1.57 and 
0.37 per cent. 

In addition to the colorimetric value for arginine (discussed earlier), 
colorimetric assays have been conducted for methionine, phenylalanine 
tryptophan, tyrosine, and valine. These values were found to be in 
excellent agreement with those obtained by the microbiological assay 
method (Table II). 

Since the values obtained for the five monoamino acids compared 
favorably, it is felt that the values reported, for alanine O.S1 per cent, 
aspartic acid 1.33 per cent, glutamic acid 11.69 per cent, glycine 9.07 per 
cent, isoleucine 0.33 per cent, leucine 9.12 per cent, proline 5.27 per cent, 
serine 2.85 per cent, and threonine 1.88 per cent, are accurate within the 
experimental limits of the microbiological assay method. 

According to Stokes and Gunness (9), the synthetic racemate of each 
amino acid was found to be exactly one-half as active as the L isomer, 
indicating that the p, or unnatural isomer, Was inactive. Also, identical 
standard curves were obtained with the L and pi forms, when twice as 
much of the latter was used. Hence, either form can be used as a 
standard for assay purposes. 


SUMMARY 


The amino acid composition of the total protein of the mung bean, 
Phaseolus aureus Roxburgh, has been determined by chemical and micro- 
biological assay methods. 

1. Data are reported on the quantitative colorimetric assay of arginine, 
methionine, valine, tyrosine, tryptophan, and phenylalanine. 

2. Evidence has been cited to substantiate the validity of the values 
reported. 


1. 
4. 
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THE EXTINCTION COEFFICIENTS OF THE REDUCED 
BAND OF PYRIDINE NUCLEOTIDES 


By B. L. HORECKER ann ARTHUR KORNBERG 
‘From the Division of Physiology, National Institute of Health, Bethesda, Maryland) 


‘Received for publication, May 4, 1948) 


Warburg and Christian (1) observed that the reduced forms of diphos- 

phopyridine nucleotide (DPN) and triphosphopyridine nucleotide (TPN) 
have absorption bands with maxima at 340 my, whereas the oxidized forms 
have no absorption at this wave-length. Application of this observation 
to the quantitative determination of the pyridine nucleotides and of sub- 
strates Which can be brought into stoichiometric reaction with them has 
been hampered by the lack of reliable extinction coefficients for these sub- 
stances. The published values tor DPN, recently reviewed by Drabkin 
2), vary trom 4.78 & 10®to 6.28 10° sq. cm. K mole'. In the case of 
those values which were determined by calculation from the absorption of 
a given quantity of nucleotide which was assumed to be pure, it may be 
presumed that the purest samples yielded the highest values, although no 
good criterion of purity is available. The highest value thus far reported, 
j.28 X 10°, was obtained by Ohlmeyer (3) for a sample of isolated reduced 
DPN. In the case of TPN there is considerably less information, although 
the molecular extinction coefficient has been reported to be the same as for 
DPN (4). 

Precise values for the extinction coefficients can be determined with 
pyridine nucleotide preparations which are not necessarily pure by the use 
of pure substrates in reactions which are essentially complete. Thus, with 
an excess of pyridine nucleotide over substrate under suitable conditions 
the change in absorption would be due to the reaction of a quantity of 
nucleotide equivalent to the added substrate. 

Such determinations have been made with pyruvic acid, acetaldehyde, 
and isocitric acid. For the reactions, 

yruvie acid + DPNH, = lactic acid + DPN 
Acetaldehyde + DPNH, = alcohol + DPN 
d-lsecitric acid + TPN =< a ketoglutaric acid + TPNH. + CO, 


the equilibrium constants have been reported as 1.7 & 10* (5), L4 x 10? 
6), and 7.7 & 10° (7), respectively. In the case of acetaldehyde, with the 
smallest constant, the reaction would proceed to about 99.9 per cent of com- 
pletion with a 2-fold exeess of DPNH.. The extinction coefficients ob- 
tained with both DPN and TPN in these reactions agree within 2 per 
cent and confirm Ohlmever’s value. 


a 
~ 
| 
> 
§ 
3 
4 
| 
3 
| 
| 
% 
4 
£ 
3 


386 EXTINCTION COEFFICIENTS OF NUCLEOTIDES 


EXPERIMENTAL 
Absorption Measurements 


The absorption measurements were made with a Beckman model DU 
quartz spectrophotometer, with a slit width of 1.6 my at 340 mz. 1,09 
cm. cells with Corex D windows were used throughout. The results are 
reported as optical density (logio Jo/J). 

The extinction coefficient, €, was obtained from the relation logy J)/J = 
ecl where the concentration, c, was expressed in moles per cc. and the length, 
l, in cm. 


Pyridine Nucleotides 


Reduced Diphosphopyridine Nucleotide—-DPN (purity 0.70) prepared by 
the method of Williamson and Green (8) was reduced and isolated accord- 
ing to Ohlmeyer (3). From the change in density at 340 mu on oxidation 
with excess pyruvate in the presence of lactic dehydrogenase, the purity 
was determined to be 0.50. The concentration of DPNH) declined slowly 
over a period of several months. 

Triphosphopyridine Nucleotide——This was obtained from liver by a mod- 
ification of the method of Warburg and Christian (1)... The TPN content 
was determined spectrophotometrically by reduction with excess isocitrate 
in the test system described below. The preparation had a purity of 0.55. 


Enzymes 


Lactic Dehydrogenase —\ purified preparation was obtained by repeated 
ammonium sulfate fractionation of an extract of rabbit muscle.’ 

Isocitric Dehydrogenase -This was prepared according to Ochoa and 
-~Weisz-Tabori (9) by extraction of pig heart acetone powder with 0.1 m 
phosphate buffer at pH 7.3, followed by dialysis against running tap water. 

Alcohol Dehydrogenase An acetone powder was prepared from washed 
dried brewers’ yeast according to Steps I and II as described by Negelein 
and Wulff (6). With their spectrophotometric test the preparation was 
found to have a purity of 0.025. 


Substrates and Test Systems 


Pyruvic Acid~-Eastman pyruvic acid was freshly distilled in vacuo for 
each experiment. Fractions were collected at 18 mm. and 67.5-68.5° in 
one distillation and at 14 mm. and 61.5-62.5° in a second. Samples were 
weighed and dissolved immediately after distillation. Dilute samples were 
prepared as required from stock solutions containing about 1 mg. per ce. 


1 Unpublished procedure of Warburg and Christian furnished by Dr. Erwin Haas. 
? Unpublished method. 


n 
a 
at 
by 
ni 
us 
of 
fil 
tu 
ca 
sit 
de 
in 
| h 
at 
ne 
| by 
an 
bu 
res 
alc 
| wit 
mi 

| 


B. L. HORECKER AND A. KORNBERG 387 


For the oxidation of DPNH, by pyruvic acid, the test systems contained 
0.132 micromole of DPN H), and 0.27 mg. of the lactic dehydrogenase prep- 
aration in 1.41 ec. of 0.0835M phosphate buffer at pH 7.4. After measure- 
ment of the density, 0.05 to 0.10 cc. of the pyruvic acid solution was added 
and the density observed at 340 me until a constant value was reached. 
This required 2 to 5 minutes. 

Although lactic dehydrogenase from animal tissue has been described as 
specific for DPN (10), it has recently been demonstrated (11) that TPNH, 
will undergo oxidation by pyruvate in the presence of the enzyme, although 
at a much slower rate than DPNH.. The oxidation of TPNH. was ac- 
complished by the addition of pyruvate after the TPN had been reduced 
by isocitrate, as described in the following section. 

Tsocitric Acid —Solutions were prepared from weighed samples of re- 
erystallized d/-isocitric acid and neutralized before use. Since only the 
naturally occurring d isomer (12) reacts in this test,’ the concentration 
used in the calculations was based on one-half the total isocitrate added. 

The test system for the reduction of TPN consisted of 0.14 micromole 
of TPN, 0.25 mg. of the isocitric dehydrogenase preparation, MnCl, to a 
final concentration of 7 X 10°, and veronal buffer.of pH 7.3 (13) toa final 
concentration of 0.07 mM, in a total volume of 1.40 cc. The reaction mix- 
ture also contained 5.4 mg. of the lactic dehydrogenase preparation to 
catalyze the subsequent reoxidation by pyruvate. The increase in den- 
sity on addition of 0.1 ce. of isocitric acid was observed until a constant 
value was reached, after which 0.05 ce. of pyruvie acid was added and the 
decrease in density measured. The reduction by isocitrate was complete 
in 7 minutes; the reoxidation by pyruvate was essentially complete in 1 
hour and a final reading was obtained after 8 hours. 

Acetaldehyde--X sample of acetaldehyde (Kahlbaum) was distilled at 
atmospheric pressure and a fraction collected at 20.5-21.5°. A standard 
solution containing about 2 mg. per cc. was prepared as described by Wag- 
ner (14). Dilute solutions were prepared just before use. 

The components of the reaction mixture were essentially those described 
by Negelein and Wulff. 2.0 mg. of the aleohol dehydrogenase preparation 
and 0.092 micromole of DPNH, were contained in 0.05 m pyrophosphate 
buffer, pHi 7.5, and 0.1 per cent glycine in a final volume of 1.40 ce. The 
reaction was essentially complete in about 8 minutes after addition of acet- 
aldehyde. 

In the presence of 0.01 M semicarbazide the reverse reaction of DPN 
with ethyl alcohol is 95 per cent complete and may be used for the deter- 
mination of as little as 0.5 y of alcohol. 


*Personal communication from Dr. Severo Ochoa, who kindly furnished the 
dl-isocitric acid. 
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TABLE I 


Density 

Initial* Final 
Pyruvate-DPNHg,....... 0.654 0.389 
0.648 0.190 
Isocitrate-TPN.......... 0.167 0.526 
Pyruvate-TPNH,...... 0.494 0.212 
0.620 0.485 
0.408 


0.607 


* Corrected for dilution due to substrate addition. 


+ This average was obtained by excluding the result with isocitrate. 


value included the average is 6.18. 


EXTINCTION COEFFICIENTS OF NUCLEOTIDES 


Molecular Extinction Coefficients for DPN and TPN at 340 mu 


Concentration 
of substrate | ©*tinction 
cient 


_- 


moles 


47.0 6.28 
38.5 6.31 
73.3 6.25 
60.6 5.93 
415.0 6.27 
22.1 6.11 
32.6 6.11 
6. 22t 


With the 
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Fic. 1. The oxidation of DPNH, by acetaldehyde. 


described in the text. 


The reaction mixture is 
DPNH¢- was added to the cell at zero time. 


At the time 


indicated by the arrow, 0.04 cc. or 0.06 ec. of a 0.795 K 10-° M acetaldehyde solution 
was added. The extensions of the curves bevond 23 minutes are based on points 


determined at 52 minutes, 
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TPNH; was not reoxidized by acetaldehyde in the presence of yeast 
aleohol dehydrogenase. 


Results 


The extinction coefficients obtained in the various reactions are shown 
in Table I. The values obtained agree within 2 per cent and are in excel- 
lent agreement with the coefficient reported by Ohlmeyer. In the case 
of isocitrate, the low value could be due to the presence of about 5 per cent 
of impurity in the preparation. 

In the presence of high concentrations of alcohol dehydrogenase, DPN H. 
is slowly oxidized without the addition of substrate, as is shown in Fig. 1. 
since this oxidation continues after the aldehyde reaction is complete, it Is 
difficult to fix precisely the change in density due to aldehyde. ‘The densi- 
ties used in the calculations in ‘Table | were taken at 20 minutes, shortly 
after the rapid phase of the reaction was completed, and the coefficients 
calculated must be regarded as minimum values. The extent of this error, 
however, is probably not greater than | or 2 per cent. 

Using the spectrophotometric test described by Racker (15), with frue- 
tose-1 ,6-diphosphate as substrate, Colowick' has recently measured the 
extinction coefficient tor PNT. at 340 my and obtained a value of 6.3 * 
sq. em. & mole 


SUMMARY 


|. The extinetion coefficients of the pyridine nucleotides at 340 mu 
have been determined trom the change in light absorption on reaction with 
known quantities of pure substrates, 

2. A molecular extinction coefficient of 6.22 LO’ sq. cm. mole was 
obtained for the reduced forms of both diphosphopyridine nucleotide and 
tnphosphopyridine nucleotide at 340 mx. 
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THE DETERMINATION OF RADIOACTIVE IRON IN BIO- 
LOGICAL MATERIAL WITH PARTICULAR REFERENCE TO 
PURIFICATION AND SEPARATION OF IRON WITH ISO- 
PROPYL ETHER, ASHING AND ELECTROPLATING TECH- 
NIQUE, AND ACCURACY OF THE METHOD 


By GILBERT J. VOSBURGH, LOUIS B. FLEXNER, anp DEAN B. COWIE 


(From the Department of Obstetrics, The Johns Hopkins University and Hospital, 
the Department of Embryology, Carnegie Institution of Washington, 
Baltimore, and the Department of Terrestrial Magnetism, 

Carnegie Institution of Washington, 

Washington) 


(Received for publication, March 4, 1948) 


In the course of investigations of capillary and placental permeability to 
iron undertaken in this laboratory, it has been found that the several 
published methods (1-8) for the quantitative determination of the radio- 
active isotopes of iron have not met completely our requirements. Thus, 
the difficulties due to the low energy radiation and the low specific activity 
of radioactive iron have been increased by the necessity of using small 
amounts of radioiron if tracer concentrations are not to be exceeded, and by 
the necessity of dealing with certain tissues rich in calcium and phosphates. 
We have drawn heavily upon the experience of other investigators in the 
elaboration of a method which fits our needs and gives high accuracy with 
small amounts of radioiron. It is the plan of this paper to (1) describe in 
detail the procedure which is outlined below, (2) present the rationale of the 
method and point out certain difficulties that have been encountered, and 
(3) evaluate the accuracy of the method which is unique in its use of dry 
ashing and its use of isopropyl ether to separate iron from interfering 
substances. 


Outline of Method 


(1) Purify radioiron with isopropyl ether. (2) Determine the specific 
activity of radioiron. (3) Prepare biological material for assay of radio- 
activity. (a) Dry ash at 450-500°; (b) convert the ash to chloride salts; 
(c) take up material low in calcium and phosphate in ammonium oxalate 
solution; (¢) dissolve material high in calcium and phosphate in 8 N hydro- 
chloric acid, extract the iron with isopropyl ether, and finally remove the 
iron from the ether with ammonium oxalate solution; (e) electroplate the 
iron from ferric ammonium oxalate onto a copper disk. (4) Measure the 
radioactivity. 

391 
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Details and Rationale of Method 


Source and Purification of Radioiron ‘Two radioactive isotopes of iron 
(Fe® and Fe*’) are available and suitable for tracer studies in biology. 
Although their chemical and biological characteristics are practically iden- 
tical, their emitted radiations are dissimilar. For certain investigations 
(7) important use is made of these differences, but for our work the mixed 
isotopes, produced from inert metallic iron either by deuteron bombard- 
ment in the cyclotron or by neutron bombardment in the nuclear reactor at 
Oak Ridge, have been employed. 

Radioiron prepared in the nuclear reactor has been received as ferric 
chloride and has been free of radioactive contaminants. 

Material prepared in the cyclotron has been admixed with radioactive 
contaminants and purification has been necessary. Radioiron is dissolved 
from the target with a quantity of dilute hydrochloric acid calculated to 
remove only the more active superficial portion. After filtering the solu- 
tion, about 1 ml. of concentrated nitric acid is added for each 0.5 gm. of 
iron, and the solution is then evaporated to dryness. The residue is dis- 
solved in 20 ml. of 8 N hydrochloric acid, transferred to a separatory funnel, 
-and shaken approximately 100 times with 20 ml. of isopropyl ether. The 
aqueous phase is allowed to separate completely and is then removed. The 
ether contains practically all of the iron, but also contains some remaining 
radioactive contaminants. Nine additional 20 ml. portions of 8 N hydro- 
chloric acid saturated with isopropyl! ether are successively shaken with the 
ether and discarded. Finally, ferric chloride, free of radioactive contami- 
nants, is quantitatively removed from the ether by shaking it briefly with 
about 20 ml. of 0.1 N hydrochloric acid. 

Discusston-— Special care is necessary to free the iron of radioactive con- 
tuminants, particularly those with high energy radiation. Purification may 
be accomplished by a series of precipitations (7) with excellent results. 
The use of isopropyl! ether, suggested to us by Thomas IH. Maren, School 
of Medicine, The Johns Hopkins University, and based on the technique 
proposed by Dodson, Forney, and Swift (9), provides a method which is 
considerably more expeditious. Isopropyl ether possesses several advan 
tages over ethyl ether which has long been used to separate ferric chloride 
from other substances. Among these are the higher extraction cfficiency 
when small quantities of iron are present and the somewhat greater range of 
acid concentration permitted by isopropyl ether. We have routinely used 
technical grade isopropyl ether with excellent results, but it has been found 
that ether stored in glass containers exposed to light is not suitable for 
quantitative extraction. Shaking the ether with an aqueous solution of 
sodium sulfite will remove peroxides which may be present, but care must 
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be taken to remove all sulfite from the ether (10). Iron chloride must be in 
the higher valence state before extraction with isopropyl ether, and it is for 
this reason that concentrated nitric acid is added during the initial evapo- 
ration. Recovery experiments in which radioiron is used as a tracer indi- 
eate that as little as 3 mg. of iron in 25 ml. of 8 N hydrochloric acid is quan- 
titatively extracted with two 25 ml. portions of isopropyl ether. 
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MILLIMETERS 


Fig. 1. A comparison of the 8 absorption curves of radioiron purified by repeated 
precipitations and with isopropyl ether. The measurements were made with an 
open air ionization chamber connected to a Lutz-Edelmann electrometer. The 
abscissa is in terms of mm. of thickness of the aluminum absorber placed between the 
source and the ionization chamber. 


Two commonly accepted methods of ascertaining the purity of a radio- 
active isotope are the determination of its half life and determination of the 
8 particle absorption curve. The relatively long half lives (47 days and 4 
years) of radioactive iron make the use of the first method somewhat 
tedious. We have emploved the second method and find that the 6-particle 
absorption curve of radioiron purified by extraction with isopropyl ether 
precisely fits the curve of iron purified by repeated precipitations (Fig. 1). 
In both cases the curve satisfies the known spectrum of radiation energies 
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of Fe®’ (11). The absorption curves of radioactive iron prepared in the 
nuclear reactor have been identical both before and after purification with 
isopropyl ether. This finding is the basis for the statement that the sub- 
stance was free of radioactive contaminants when received. 

Determination of Specific Activity—-The solution of ferric chloride from 
either the cyclotron or nuclear reactor is dried in a tared vessel, weighed, 
and then dissolved in an appropriate quantity of 0.1 N hydrochloric acid to 
give a stock solution of convenient concentration. An aliquot of this is 
taken for further dilution and colorimetric determination of total iron with 
1,10-phenanthroline (12). 

A second aliquot of the diluted stock solution is taken for electrodeposi- 
tion of radioiron and determination of its specific activity, which is defined 
as the number of disintegrations per unit time per unit weight of material, 
The specific activities of the various samples of radioiron which have been 
used in this laboratory have ranged from 1.5 to 25 counts per second per 
microgram of radioiron, as measured under our standard conditions de- 
scribed in a subsequent section. 

Treatment of Biological Material. Dry Ashing—Vhe tissue to be analyzed 
is placed in a Pyrex crystallizing dish or beaker. Samples of carcass are 
minced with scissors to facilitate ashing. If necessary, sufficient ferric 
nitrate dissolved in 0.1 N nitric acid is added to raise the amount of iron in 
the sample to between 2 and 4 mg. 1 or 2 ml. of concentrated nitric acid 
are added for each 5 ml. (or gm.) of sample. With red blood cells or plasma, 
the acid is added before evaporating the sample to dryness in an oven at 
100-110°. The carcass must be evaporated to dryness before and after 
addition of acid to prevent foaming. Water is first driven off in the oven, 
acid is then added, and the sample again dried. The vessels are now placed 
in a muffle furnace at room temperature and the temperature then raised to 
between 450-500°. After ashing overnight there is often a small amount of 
residual carbon. This is destroyed by moistening the ash with concen- 
trated nitric acid, drying the residue on a hot-plate, and then returning the 
vessels to the hot muffle for about 30 minutes. 

Discussion— Destruction of organic matter can be accomplished by one of 
two methods of ashing. The more commonly employed wet ashing tech- 
nique is not satisfactory for our purposes; the dangers of explosion of 
perchloric acid are well known, and the large volume of sulfuric acid re- 
quired to ash sizable samples of carcass is undesirable. Therefore, in spite 
of the conflicting reports about the accuracy of dry ashing, it was decided to 
attempt to use this method. Results are completely satisfactory when 
care is taken to introduce the sample into a cool muffle which is then raised 
to a temperature not higher than 500°. The temperature reaches 450° in 
5 hours, after which there is a slow rise to 500° during the next 10 hours. 
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Ferric chloride is appreciably volatile even at temperatures as low as 200°, 
whereas iron is not lost by volatilization of ferric nitrate which is converted 
to ferric oxide at ashing temperature. Consequently concentrated nitric 
acid is added to the tissue in the oven and carrier iron is added as the 
nitrate in nitric acid. 

Conversion of Ash to Chloride Salts—The ash is allowed to cool and is then 
dissolved in concentrated hydrochloric acid; 2 or 3 ml. of acid are sufficient 
for 5 ml. samples of red blood cells or plasma, whereas in the case of 100 
gm. samples of carcass, 20 ml. or more may be required to effect solution. 
Free hydrochloric acid is removed by evaporation on a hot-plate or steam 
bath, care being taken not to heat beyond the point of dryness. 

Discussion——W ell ashed carcass should be chalk-white and red blood cells 
or plasma rust-colored after cooling. The ash is dissolved and converted to 
a mixture of chlorides by heating with concentrated hydrochloric acid; this 
process also hydrolyzes the pyrophosphates formed during ashing to soluble 
phosphates. 

The solution is evaporated to dryness with care to avoid overheating the 
residue, since overheating may produce relatively insoluble basic salts and 
may cause loss of iron by volatilization of the chloride. 

Solution of Ash Low in Phosphate and Calcium in Ammonium Oxalate— 
The chloride residue from 5 ml. samples of plasma or red blood cells is dis- 
solved with a little heat and agitation in 10 ml. of saturated aqueous am- 
monium oxalate. ‘The resulting solution of ferric ammonium oxalate in 
ammonium oxalate is transferred to the assembled electrolysis cell together 
with two 5 ml. washings of saturated ammonium oxalate. 

Treatment of Ash High in Phosphate and Calcium—Electrodeposition of 
iron derived from tissues containing large quantities of calcium and phos- 
phate requires additional preparation of material because, in the alkaline 
medium produced during electrolysis, basic iron phosphates are precipitated 
and iron thereby lost. This difficulty is met by separation of iron with 
isopropyl ether from interfering substances. ‘The chloride residue from the 
carcass is dissolved in 8 N hydrochloric acid. Approximately 1 ml. of acid 
will be required for each gm. of tissue originally taken. Careful heating to 
effect solution is permissible, but the concentration of the acid should not 
be significantly changed. ‘The solution is transferred to a separatory funnel 
and the vessel washed with two 10 ml. portions of isopropyl ether which are 
then added to the separatory funnel for extraction of the ferric chloride. 
After shaking about 100 times the aqueous phase is allowed to separate and 
is transferred to a second separatory funnel, where the extraction is repeated 
with an additional 20 ml. of isopropyl ether. The ether fractions are 
combined and the iron extracted from the ether with a single 20 ml. por- 
tion of saturated aqueous ammonium oxalate. Any considerable precip- 
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itate of calcium oxalate is removed when the solution of ferric ammonium 
oxalate is filtered directly into the electrolysis cell. 

Electrodeposition of Iron-—-The anode is introduced into the electrolyte, 
centered over the cathode, and adjusted to an arbitrarily chosen but re- 
producible vertical position. A potential of 8 volts is applied and each cel] 
initially draws approximately 200 milliamperes, which is a current density 
of about 6 amperes per 100 sq.cm. After 3 hours of plating, the anode and 
the side walls of the cell are washed down with a few ml. of ammonium 
oxalate solution, and the current continued for another half hour. <A 1 ml, 
sample of the solution is withdrawn to be tested for residual iron. It is 
acidified with 4 drops of concentrated sulfuric acid and then boiled for a 
moment to make certain there is no suspended iron hydroxide in the solu- 
tion. 2 drops of a 0.1 per cent aqueous 1 ,10-phenanthroline solution and a 
drop of 10 per cent aqueous solution of hydroxylamine hydrochloride are 
added. The pH is adjusted to between 6 and 9 with concentrated am- 
monium hydroxide. Color development is immediate and as little as 0.05 y 
of iron per ml. of solution can be detected. After a total of 3.5 hours 
electrolysis, the qualitative test for iron is usually negative or only faintly 
positive and electrolysis is discontinued. The cells are rinsed with distilled 
water and alcohol, after which the copper disks are removed and air-dried. 
With reasonable care the iron is plated in a smooth, densely adherent film, 
silvery gray in color. 

Discusston—KElectroanalysis of iron from aqueous solutions of the salts of 
the inorganic acids is unsatisfactory because, in the rather strongly acid 
medium necessary to prevent precipitation of the hydroxide, hydrogen is 
much more readily displaced from solution than iron. However, electro- 
deposition is eminently satisfactory from solutions of the ammonium double 
salts of certain organic acids; in these the hydrogen ion concentration can be 
kept low, and the ionization constant of the complex salt is such that the 
solubility product of iron hydroxide is not exceeded. ‘The organic acids 
commonly used are citric, tartaric, and oxalic, and the last is reputed to give 
the best results (13). In practice the iron chloride or sulfate is dissolved in 
a solution of ammonium oxalate to produce ferric or ferrous ammonium 
oxalate. Although most methods recommend that the complex salt be 
formed from ferrous or ferric sulfate, we have found the use of the chloride 
to be simpler. The sulfate salts of some of the tissue constituents are 
relatively insoluble in ammonium oxalate; moreover, electrodeposition from 
the sulfate is sometimes unsatisfactory due, probably, to the difficulty of 
complete removal of sulfuric acid. 

During electrolysis the pH of the solution rises from the initial value of 
about 4.5to8or9. Noattempt is made to regulate the pH by the addition 
of oxalic, hydrochloric, or sulfuric acid, and no difficulty is encountered from 
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the precipitation of iron hydroxide when as much as 14 mg, of iron is plated 
from a solution whose total volume is 20 ml. 

The length of time for complete electrolysis can be substantially 
shortened by using current densities as high as 25 or 35 amperes per 100 sq. 
em. (3, 7). Under these conditions, however, the solution must be stirred 
to obtain satisfactory deposition of metallic iron. Theoretically the time 
ean be diminished if the iron is in the ferrous state. For the sake of sim- 
plicity and because it has not been inconvenient to electroplate for a period 
of 3.5 hours, we have not stirred the solution nor reduced the iron. 


+ 
BRASS 
ANODE 
MERCURY PYRE X 
TUBING 
BRASS 
ROOS 
PLATINUM 
FOL 
RUBBER 
GASKET 
aRass CENTIMETERS 
COPPER 4] 2. 5 5.0 i 5 


Fic. 2. The assembled electrolysis cell and cross-sectional drawing to show com- 
ponents. The hole in the bottom plate is to aid in the removal of the copper disk. 


The electrolysis cells, a drawing of which appears in Fig. 2, were designed 
to assure precise reduplication of the distribution of the electroplated iron 
from cell to cell and to make unnecessary the use of an insulating paint (3). 
The latter, in our hands, has not consistently protected against deposition 
of iron on the sides of the disks, with consequent loss of measurable radio- 
activity. The cells are not difficult to construct and the drawing is almost 
self-explanatory. It should be mentioned that the rods which hold the top 
and bottom brass plates are set eccentrically, so that the glass tubing, 
rubber gaskets, and copper disks can be removed after simply loosening the 
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wing nuts at the top. Since the disk and gasket fit into the same shallow 
depression, they are automatically centered with respect to one another and 
the iron is always distributed over the same area of the disk. The use of g 
rubber gasket makes unnecessary not only a ground glass junction between 
the disk and the glass side walls but also the use of sealing compounds to 
prevent leakage of electrolyte (5). The copper disks, which serve not only 
as the mechanical bottom of the cell but also as the cathode, are made from 
annealed sheet copper 0.032 inch thick and are 30 mm. in diameter. A 
punch and die may be used or the disks may be turned out on alathe. Since 
the rubber gasket covers a portion of the surface, the effective plating 
diameter over which the iron is distributed is 21 mm. It is important that 
the surface be nearly plane, since irregularities will produce errors in the 
counting rate. Steel wool, which we have found more convenient than 
nitric acid, is used to clean the surface of the disks. 

Great care must be exercised to protect against contamination of the 
cells. After each electrolysis the glass tubing and rubber gaskets are 
allowed to soak overnight in dilute hydrochloric acid, then washed with 
soap and water, and rinsed with distilled water. The anodes are immersed 
after an electrolysis in test-tubes containing a solution of inert ferric chloride 
in dilute hydrochloric acid. The solution is rinsed off with distilled water 
just prior to use. . 

A selenium rectifier coupled to a heavy duty filament transformer has 
been used as a source of direct current. A rheostat is incorporated in the 
circuit to regulate the voltage applied to the cells. Customarily a bank of 
eight cells is in use, but, if fewer than this number are in operation, the 
rheostat is of sufficient resistance and power capacity to compensate for the 
decreased current drawn. 

The current carried by each cell will be determined by several factors, 
among which are the composition and temperature of the electrolyte, the 
distance between the anode and cathode, and the applied potential. Thus, 
initially 200 milliamperes flow through each cell, but soon the temperature 
of the electrolyte rises and the current increases to about 280 milliamperes. 

The spatial relationship of the anode and cathode influences not only the 
current drawn by the cells but also the distribution of the electroplated tron 
on the cathode. The anode should be approximately centered over the 
cathode and the anode-cathode distance must be kept nearly constant from 
cell to cell and in successive electrolyses. With the separation of the 
electrodes reduced to 0.5 cm., we find that the counting rate is 18 per cent 
greater than when the same amount of radioiron is electroplated in cells 
with an anode-cathode distance of 3 em. This effect is explained by the 
deposition of a larger proportion of radioiron on the central portion of the 
disk with smaller anode-cathode distances and the more efficient counting 
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of the CGeiger-Miller tube placed over a smaller source. The uniform 
density of the radioautograph reproduced in Fig. 3 clearly demonstrates the 
even distribution of radioiron on the copper disk. 

Kither 1,10-phenanthroline or 2,2’-bipyridyl is used to determine the 
end-point of electrolysis. It should be recalled that the thiocyanate test 
for iron is relatively insensitive in the presence of oxalate; in our hands the 
ammonium sulfide test has not been as satisfactory as o-phenanthroline or 
bipyridyl. We have found that after 3.5 hours of electrolysis approxi- 
mately 1.3 y of iron remain in 20 ml. of plating solution, or about 0.04 per 
cent of the total of 3 mg. originally present. 


bic 3. Representate radioautograph of electroplated radioiron 


Unitormity of performance among our eight electrolysis cells was tested 
by measuring the radioactivity of a constant amount of radioiron electro- 
plated in each of the cells. Approximately 42,025 counts were taken from 
each disk to give a standard deviation, due to fluctuation of radioactive 
disintegration alone, of 205. Six of the eight determinations were within | 
standard deviation from the mean, while the seventh and eighth were within 
2 and 2.7 standard deviations respectively. Since the observed variation 
Was no greater than that expected from fluctuation of radioactive dis- 
Integration, we conclude that the eight electrolysis cells give reproducible 
results. 

Measurement of Radioactivity The bell-shaped, self-quenching (ielger- 
Muller tube is filled with argon and an aleohol vapor and has a mica window 
2.9em. in diameter weighing 3.3 mg. per sq.em. Such a tube ts sensitive 
to the characteristic radiation produced in the disintegration of Fe®® and 
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counts only the radiation of Fe’. The copper disk, on which the radioiron 
is plated, is rigidly supported immediately beneath the counting tube 
window. The counting rate of the unknown is determined and the back- 
ground rate subtracted. The amount of radioiron present on the disk is 
easily determined by reterring the counting rate, less the background, of the 
sample to the counting rate of a known quantity of the radioiron having 
the same specific activity. The total number of disintegrations counted in 
any particular determination will depend upon the precision desired, as 
described in the discussion of “Accuracy of method.” 
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amounts of carrier tron. 


Discussion Since samples of biological material may contain widely 
varving amounts of Intrinsic iron, it is imperative that one be in position to 


correct the counting rate for self-absorption of radiation. As is apparent 
from Fig. 4, we find no significant self-absorption when quantities of imert 
iron Jess than 1.4 mg. per sq. em. are coplated with negligible weights of 
radioiron. When more than this amount is present, the counting rate 
decreases linearly, and 4 mg. of carrier iron per sq. em. give a counting rate 
11 per cent lower than the maximum. Although the value for selt-absorp- 
tion of the 8 radiation depends largely upon the thickness of the coplated 
Inert iron, it: wall vary with other factors, such as the characteristics of the | 
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individual Geiger-Miuller tube, the distance between the source of radiation 
and the tube, and the distribution of the isotope with respect to the counter 
window. ‘Thus, it becomes apparent that the absorption curve determined 
in one laboratory is not precisely applicable to data obtained in another. 


Accuracy of Method 


Recovery of a known quantity of radioiron was used to test each step of 
the procedure, and over-all accuracy was tested by recovery of radioiron 
from plasma, red blood cells, and fetal carcass carried through the entire 


Taste I 
Recovery of Radioactive Iron 
Average recovery in the thirteen experiments is 18.33 y or 100.17 per cent with a 
standard deviation of 0.09 y. The standard deviation, due to fluctuation in radio- 
active disintegration alone, is 0.7 per cent, which is equivalent to 0.13 y when re- 
lated to our standards as explained in the text. 


2 Total counts Time | Counts per sec. 

| 
Sample Sample "ond | Sample 

min min 

1 Plasma 1.0 mil. «43,904 43, 850) 24 24 30.489) 30.472'100.05 
14,342) 43,880; 24 | 24 | 30.793) 30.472/101.05 
3 1.0 43,904) 43,880) 24 24 | 30.489) 30.472/100.05 
38,288] 38,353) 25 25 | 25.525) 25.569) 99.83 
5; 2.0 * 37,952] 37,686) 25 | 25 | 25.301] 25.124/100.70 
38,457) 38,688 25 25 | 25.638) 25.792! 99.40 
7 1.0 88.187! 38.149 25 25 "25.458! 25.433) 100.10 
8S Red blood cells 3.0 ml. - 42,124) 49,158; 24 25 | 20.253) 20.261) 99.97 
« 3.0 44,224) 29,246, 30 20) | 24.569 24.372/100.81 
« 23.6 40,749) 40,504 26 26 26.121) 25.964)100.60 
11 | Carcass 25 gm. $2,227 42,436 24 24 | 20.324) 29.469! 99.51 
43, 253) 43,305, 24 | 24 | 30.037| 30.073) 99.88 
13 43,987) 43,867, 25 25 | 20.325) 20.245)100.27 


method. It has been shown in the discussion of ‘Electrodeposition of iron” 
that electroanalysis of iron is essentially complete, and that reproducibility 
is such that variation from sample to sample may be accounted for by 
fluctuation in radioactive disintegration. ‘The same accuracy is obtained 
when known quantities of radiviron are extracted from 8 N hydrochloric 
acid with isopropyl ether, taken up in saturated aqueous ammonium 
oxalate, and then electroplated. ‘The data from recovery experiments in 
which 18.3 y of radioiron were added to samples of biological material are 
listed in Table I. The over-all accuracy obtained when electrolysis, sepa- 
ration with isopropyl ether, and ashing are combined is so completely satis- 
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factory that variations among samples are no greater than can be explained 
by the variation in radioactive disintegration. Similar results have been 
obtained at the National Institute of Health by Endicott and his coworkers 
who have successfully used the method described in this paper after sub- 
jecting it to careful test. 

Discusston-—Interpretation of differences in the counting rate among 
samples was important to us in testing the reproducibility of elect roanalysis 
and in evaluating data obtained from recovery experiments. Were the 
observed differences in counting rate from sample to sample of such magni- 
tude as to be explained by the fluctuations inherent in radioactive dis- 
integration? Or were they due to real differences in the amount of ra- 
dioiron, resulting from deficiencies of the method? Since radioactive 
disintegration is a random process and fits Poisson’s law, the standard 
deviation, due to fluctuation in radioactive disintegration alone, is given by 
the square root of the number of disintegrations counted. This also may 
be taken as a sufficiently accurate estimation of the standard deviation of 
the counts from a strong sample. Thus, if 10,000 disintegrations from such 
a sample are counted, the standard deviation is 100, or 1 per cent of the 
counts; if 2500 counts are taken, the standard deviation, although numeri- 
cally smaller, rises to 2 per cent of the count. The results of measurements 
are almost invariably expressed as rates and the standard deviation of the 
counting rate from a strong sample is given by yn @, where (is the time 
interval over which the total count, 1, was obtained. When weak samples 
are measured, it is necessary to consider fluctuation of the background 
counting rate as well as that of the sample. If we have a count ™, in time 
/, from a weak sample (including the background), and a count ™ in time 
f, from the background, then the counting rate of the sample alone is es- 
timated as (n./t,) — (/t,) and the standard deviation is approximated 
by V (n/t?) + (1 

The data of Table I enable testing the over-all accuracy of the method, as 
represented by the per cent recovery, and comparison of this with the 
inherent uncertainty arising from counting variations. The mean recovery 
in the thirteen experiments is LOO.17 per cent, and the standard deviation 
from the mean ts 0.5 per cent. This may be compared with the standard 
deviation arising from counting variation alone. Recovery is caleulated as 

Kt 


ty t, Me 


where ¢,, and 7, refer to the time interval over which the count of the sample 
was measured and ¢, and n. are the corresponding values of the standard to 
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which the sample is referred. The standard deviation of this ratio (since 
n, and mn, are independent and are both large) is approximated by 


In the recovery experiments n, and n, are approximately equal and of the 
order of 40,000, so that o, = 0.007 or 0.7 per cent. It is now apparent that 
the actual variation of the per cent recovery (0.5 per cent) is slightly less 
than is anticipated from counting variation alone. This does not imply, of 
course, that the chemical treatments and manipulations necessary to pre- 
pare the biological samples for measurement are without variation, but 
merely that the variations so introduced are small compared with those 
inherent in counting. 

In general, investigation of variability arising from sources other than 
fluctuation in radioactive disintegration requires a comparison of the 
observed variability with that expected from counting variations, and two 
methods have now been described. Thus, in the discussion of ‘‘Electrode- 
position of iron’’ the reproducibility of the eight cells was described by 
comparison of the observed distribution of counts about their mean with 
the theoretical distribution, and in the foregoing paragraph the standard 
deviation in the recovery experiments was compared with the anticipated 
variation due to fluctuation in radioactive decay. A more convenient test 
is to compute x*, which is given by Y (c—m)*/m, where x is the numerical 
value of a single count and m is the arithmetic mean of the series. The 
quantity y* has a known probability distribution depending only on the 
number of observations in the series (14). If, then, the value of x? isso 
large that it is not likely to have arisen by chance, it must be concluded 
that other sources of variation are significantly greater than that due to 
fluctuation in radioactive disintegration. Application of the 2 test to the 
data obtained in the case of the eight electrolysis cells and the recovery 
experiments permits the conclusion that there is no reason to suspect that 
the method deseribed for the determination of radioiron does not give 
accurate results. 

SUMMARY 

A method for the determination of radioactive iron in biological material 

including carcass is described. Dry ashing is substituted for the more 


commonly emploved wet ashing technique, and isopropyl ether is used to 
purity radioiron and to separate iron from substances that interfere with 


electrodeposition. 
The recovery of known amounts of radioiron added to samples of red 
blood cells, plasma, and fetal carcass is complete. The precision of the 
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method is such that the values for recovery lie within the limits imposed 
by statistical fluctuation in radioactive disintegration. 


We are indebted to Dr. Rowland V. Rider and Dr. Charles P. Winsor of 


the School of Hygiene and Public Health, The Johns Hopkins University, 
for their assistance with the section of the paper describing the statistical] 
variations. 
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t-Cystathionine has been shown to be available to the rat in lieu of L- 
cystine, while L-allocystathionine was similarly available in lieu of me- 
thionine in the presence of dietary choline (1). Studies in vitro revealed 
the formation of cysteine and homocysteine from L-cystathionine and 
t-allocystathionine respectively in the presence of rat liver slices (2). 
Other experimental findings place cystathionine in the position of a physio- 
logical intermediate in the transformation of methionine to cysteine in the 
rat (3) and of cysteine to methionine in Neurospora (4). Thus, originally 
an artifact prepared by Kiister and Irion (5) by treatment of wool with 
NaS, cystathionine assumed a strategic position in sulfur metabolism. 

Lanthionine, another artifact prepared by Jones et al. (6) by treatment 
of keratins with Na,CQOs,, is of physiological interest, since recent studies 
have shown that apparently the L isomer of pL-lanthionine stimulated the 
growth of rats on low casein diets (7), although the meso form of lanthionine 
was not available for the purpose (8). These data suggested the cleavage 
of t-lanthionine in vivo, and raised the question of the position of L-lan- 
thionine in sulfur metabolism. 

We reported recently the synthesis of mixed isomers of cystathionine and 
of the next higher homologue of lanthionine, S-bis(y-amino-y-carboxypro- 
pyl)sulfide, which we named homolanthionine (9). Structural similarity of 
homolanthionine to cystathionine and to lanthionine suggested possible 
cleavage of the thio ether amino acid to homocysteine and, perhaps, to 
homoserine in vivo. Although homolanthionine is another artifact, in view 
of the biochemical history of cystathionine and of lanthionine it appeared 
to be of interest to investigate the availability of this compound to the rat 
for growth purposes. Such a study is the object of this report. 


EXPERIMENTAL 


The low casein diet employed in the first series of experiments had the 
following percentage composition: Labco vitamin-free casein 8, corn-starch 


* Aided by a grant from the Pardee Foundation. 
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47.1, sucrose 15, inorganic salts (10) 4, Crisco 20, and cod liver oil 5. The 
B complex vitamins and the liver extract were added to this diet (referred 
to in Table I] as Diet C-8) in the amounts indicated in Table I. 

In the second series of experiments a diet was employed in which the sole 
source of protein nitrogen was supplied by a mixture of amino acids, the 
composition of which is shown in Table I. The amino acid mixture, with 
some modifications, was essentially that of Rose and Womack (11). In 


TaB_Le [ 
Amino Acid Mirture 


The vitamins and the amino acids were thoroughly ground together before the 
addition of the other ingredients of the diet indicated in the text. 


gm. 
Glycine 0.1 Hydroxyproline 0.1 
Alanine* 0.4 Tryptophan 0.4 
Serine* 0.4 Aspartic acid 0.2 
Valine* 2.0 Glutamic ‘ 2.0 
Leucine* 2.6 Lysine- HC! 1.9 
[soleucine* 1.8 Arginine: HC] 0.6 
Threonine*] 1.4 Histidine-HC! 0.7 
Phenylalanine* 1.0 Nal{CO, 1.3 
Proline 0.2 
Total 17.1 
Vitamins per 100 Gm. of Complete Diet 
me. 
Thiamine: HC! l Ca pantothenate 5 
Riboflavin 2 p-Aminobenzoic acid 100 
Pyridoxine: HC! 1 Inositol 100 
Folie acid I Lilly liver extract 7 
Nicotinamide 1 


* Racemic amino acids. 


addition to the vitamins and the liver extract listed in Table I, the diet 
consisted of the following ingredients: amino acid mixture 17.1, dextrin 
30.0, sucrose 15, inorganic salts (10) 4, agar 2.0, Crisco 26.0, and cod liver 
oil 5.0 gm. per 100 gm. of the diet. 

The supplements were mixed with the experimental diet in the following 
amounts (per cent): choline hydrochloride 0.2, L-cystine 0.4, pL-methionine 
0.2, inactive homocystine 0.44, inactive homolanthionine 1.0. The diets 
and water were fed ad libitum and a record of food consumption was kept. 
25 to 30 day-old albino male rats of the Wistar strain born and raised in 
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this laboratory were used. The animals were housed in individual metab- 
olism cages and weighed twice a week. 

All the amino acids used were of established analytic purity. Homo- 
lanthionine was prepared by the recently described method (9). Neither 
the thiol nor the disulfide group could be detected in the preparation by the 
sodium-cvanide-nitroprusside test. We wish to express our appreciation 
to Dr. H. KR. Snyder of the University of Illinois for the generous gift of 
3 6-bis(3-chloroethyl)-2 ,5-diketopiperazine, which enabled us to prepare a 
substantial quantity of homolanthionine for feeding experiments. 


Il 
Availability of Homolanthionine to Rats for Growth on Low Casein Diet 
| gm. cm. gm. gm. per cent 
ee 158 1.9 5A 9.3 1.0 homolanthionine 
158 165 1.0 7 9.1 > None 
a oe 132 1.6 43 8.1 0.2 choline + 1.0 homolanthionine 
| 132 138 0.7 “ 
ae 63 137 1.1 64 8.8 | Sl 
| 337 163 1.9 14 9.0 0.2 ”" + 1.0 homolanthionine 
163 166 0.2 14 8.71/02 
1-4 3.2: 10.2 | 0.44 homocystine 
14 149 |-0.6! 8 | None 
5 | 139 3.2 15 9.7 | 0.2 choline + 0.44 homocystine 
6 59 204 2.6 55 9.6 0.4 cystine 
7 76 190 2.6 44 8.5 0.5 methionine 
139 1.1 75 8.0 None 
4 ww 126 1.1 72 8.4 0.2 choline 


* Seven litters of rats were used. Groups 1, 2, and 3 each consisted of six rats, 
all others of three animals each. The animals were kept in individual metabolism 
eages. The data are average values for each group. 


Results 


As is apparent from the data presented in ‘Table Il, homolanthionine 
stimulated the growth of rats when it was incorporated into the low casein 
diet. This stimulation of growth by homolanthionine was somewhat less 
pronounced than that induced by the administration of equivalent amounts 
of homocystine, L-cystine, or pL-methionine (sulfur equivalents). With- 
drawal of homolanthionine from the diet was followed by immediate re- 
tardation of growth. Addition of choline to the diet did not significantly 
increase the rate of growth of rats which ingested homolanthionine. 
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Since the low casein diet was ample in methionine and low in cystine, the 
stimulation of growth by homolanthionine could have been a result of the 
transformation of homolanthionine to either cystine or methionine, or both. 
We therefore carried out additional studies on homolanthionine with diets 
which were free either of cystine or methionine, in order to evaluate the 


TaB_e III 


Availainlity of Homolanthionine to Male Rats for Growth on Diets Free of Cystine But 


Rat No. 


Initial 
weight 


Fina! 
weight 


The data on each rat are representative of those obtained on three animals. 


Adequate in Methionine 


day 


Gain per | Days on 
diet 


Supplements added to amino acid mixture 


per day diet 
gm. per cent 
3.6 0O.2choline 
$4 i@2.° + 0.2 methionine + 1.0 
homolanthionine 
$5.0 O0.2choline + 0.2 methionine 
ies 4632 +18 
| homolanthionine 
2.3.  0O.2choline 
44 i163 +463 +10 
homolanthionine 
3.8  0.2choline + 0.2 methionine 
B44 10623. + 0.2 +1.0 
homolanthionine 
| 2.6 0.2 choline 
468 * -+ 0.2 methionine 
| 3.0 | None 
4.4 | 0.2methionine + 1.0 homolanthio- 
nine 
5.4 0.2 methionine 
| 2.4 | None 
8.9 9 0.2methionine + 1.0 homolanthio- 
nine 


| | 
| 4.0 _ 0.2 methionine 


availability of homolanthionine for growth in the absence of either of the 


sulfur amino acids in the diet. 


Table II1 illustrates the data obtained on feeding homolanthionine to rats 
which were maintained on a diet which contained 0.2 per cent of methionine, 
an amount of methionine which, although insufficient to produce growth, 
was adequate to permit growth when sufficient cystine was added. In 
every case the addition of homolanthionine to this diet was followed by 


stimulation of growth, although the rate of growth was not optimal. 


Addi- 
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cw. 
70 0098 30 
70 74 0.3 
74 S4 1.25 8 | 
65 4s 40 —].] | ri 
40) 45 0.62) | 
45 90) 17 | 
0.0 12 
60 74 1.1 | 16 
66 45 3S ri 
38 63 0.4) 56 
58 73 16 
52 1.26) 23 
| 
SS 0.3 | 24 
51 36 16 
36 57 0.91) 23 
57 60 0.13) 24 
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tion of choline to the homolanthionine diet did not further increase the 
growth rate. 

Table IV summarizes the data obtained on feeding homolanthionine to 
rats which were maintained on a diet which contained 0.4 per cent cystine 
and no methionine. In the absence of choline in the diet, homolanthionine 


TABLE IV 


Availability of Homolanthionine to Male Rats for Growth on Diets 
Containing Cystine But Free of Methionine 


pat No. bie | ber ntake | Supplements added acid mixture 
per day 
om. gm. | em. gm per cent 
56 | «58 50 | -4.0] 2 2.0 | None 
50 45 | —0.36) 14 3.6 | OAcystine + 1.0 homolanthionine 
5 | 60 0.94, 16 4.3 | 0.2 choline + 0.2 methionine + 1.0 
| homolanthionine 
«660 50 —1.0 10 2.6 | 0.2choline 
50 | 654 0.2] 21 2.8 40.2 methionine 
57 61 | Sl —5.0 2 2.0 | None 
51 | 40 | —0.58} 19 , 2.7 | O4Acystine + 1.0 homolanthionine 
40 | 45 0.30; 18 3.2 | 0.2 choline + 0.4 cystine + 1.0 
| homolanthionine 
45 | 49 0.16; 24 4.0 | 0.2choline + 0.2 methionine 
S| 58 | 47 |-5.5| 2 | 2.0 | None 
| 47 76 1.5 19* | 4.8 | O4Acystine + 0.44 homocystine 
—4.5 2 2.3 | 0.2 choline 
| 105 14 | 6.8 {02 “ -+0.4cystine + 0.44 
homocystine 
105 75 —1,58; 19 3.6 | 0.2 choline 
0.12} 16 3.0 |0.2 -+0.4cystine + 1.0 
homolanthionine 
77 . 68 | —0.75} 12 | 6.0 | 0.2choline + 0.4 cystine 
0.4 | 40 3.1 |0.2 +0Acystine + 1.0 
homolanthionine 
63 56 —0.63 11 4.3 | 0.2choline + 0.4 cystine 


sentative of those obtained on three animals. 


did not prevent rapid loss in weight of all animals. The addition of choline 
and homolanthionine to the diet checked the loss in weight and stimulated 
a slow gain in weight comparable to that produced by feeding 0.2 per cent 
methionine alone. ‘The stimulation of growth by homolanthionine, fed 
together with choline and cystine, was definitely less pronounced than 
that obtained on feeding homolanthionine together with minimal amounts 


i 
3 

| * All rats died between the 12th and 23rd days. The data for each rat are repre- : 
| 
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of methionine (0.2 per cent). All rats rapidly lost weight when homolap. 
thionine was withdrawn from the diet which furnished 0.4 per cent cystine 
and 0.2 per cent choline. 


DISCUSSION 


Since our preparation of homolanthionine consisted of a mixture of pr- 
and meso forms (9), no appraisal of the activity of the individual diaste- 
reoisomers of homolanthionine can be made on the basis of the results 
presented here. The results warrant the conclusion, however, that our 
preparation of homolanthionine contains one or more physiologically active 
forms which are available to the rat in sulfur metabolism. The evaluation 
of the activity of each of the isomeric forms of homolanthionine in vivo 
and a study of the mechanism of cleavage of homolanthionine by tissue 
slices would, perhaps, elucidate the chemistry which is involved in the 
physiological availability of homolanthionine to the rat. This is at present 
in progress. 

Whether homolanthionine is a normal physiological product (in view of 
its availability to the rat) is hypothetical. It is within the realm of possi- 
bility, however, that 2 molecules of methionine could give rise in vive to 
homolanthionine with the formation of methyl mercaptan, or dimethy! 
sulfide and hydrogen sulfide. The latter products have been found in ani- 
mal tissues and excreta. 

The data presented here cannot be easily explained on the basis of the 
assumption that homolanthionine (as used by us) is cleaved in vive to 
vield homocysteine. Very poor growth was obtained with homolanthionine 
on diets which furnished choline and cystine, whereas with homocystine 
instead of homolanthionine good growth was obtained under similar con- 
ditions. Yet, homolanthionine stimulated the growth on diets contaming 
minimal amounts of methionine. It is possible that one of the isomers of 
homolanthionine yields homocysteine in vivo, which in the presence of cho- 
line is converted to methionine, and thereby increases the amount of methio- 
nine available to the rat ingesting a diet containing minimal amounts of 
methionine. Such a formation of homocysteine from one of the 1somers 
of homolanthionine would have to be small, indeed, since in the presence 
of choline and cystine, but no methionine in the diet, this amount of formed 
methionine is insufficient to stimulate the growth, although maintenance 
of weight is secured. 

It would appear that an alternate explanation of the activity of at least 
one isomer of homolanthionine present in the mixture must be made. 
And this could be based on the assumption of cysteine formation from 
homolanthionine without the preliminary cleavage of the thio ether to 
homocysteine. A working hypothesis is proposed in the accompanying 
graphic form. 
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CH, 
COOH 
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| 
COOH 
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NH; NH; 


Cysteine Homoserine 


According to this scheme it is assumed that homolanthionine and serine 
would give a hypothetical sulfonium base of homolanthionine, which is 
analogous to that proposed by Toennies (12) for methionine and serine. 
~The sulfonium base of homolanthionine would then cleave to homoserine 
and cystathionine. The latter would then yield cysteine and another 
molecule of homoserine. ‘This scheme would tentatively explain the ac- 
tivity of our preparation of homolanthionine, in that it suggests the forma- 
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tion of cystathionine and cysteine from homolanthionine without the pre- 
liminary formation of homocysteine. Obviously, this proposed scheme 
does not in any way conflict with the present status of the problem of con- 
version of methionine to cysteine in vivo. It does, on the other hand, point 
to another possible path of metabolism of methionine, namely via homo- 
lanthionine, as we have already stated. Further work is clearly necessary 
along the lines suggested by this hypothesis, particularly with regard to the 
proposed formation of a sulfonium base of homolanthionine and, perhaps, 
of methionine proposed by Toennies (12). Plans along these lines are now 
being carried out. 


SUMMARY 


A mixture of pL- and meso forms of S-bis(y-amino-y-carboxypropyl)sul- 
fide (homolanthionine) stimulated the growth of rats which were maintained 
either on a low casein diet or an amino acid mixture diet which contained 
only minimal amounts of methionine and no cystine. Poor growth was 
obtained when homolanthionine was fed on an amino acid mixture diet 
which contained cystine and choline, but no methionine. The significance 
of these results is discussed, and a working hypothesis is presented in which 
homolanthionine can be expected to give rise to cysteine, via cystathionine, 
without undergoing a preliminary cleavage to homocysteine zn vivo. 
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MECHANISM OF THE FERMENTATION OF LACTOSE BY 
YEASTS 


By MORRISON ROGOSA* 


(From the Bureau of Dairy Industry, Agricultural Research Administration, United 
States Department of Agriculture, Washington) 


(Received for publication, April 17, 1948) 


There are two fundamental theories concerning the fermentation of 
disaccharides. One presupposes an “indirect”? and the other a ‘‘direct”’ 
fermentation. A theory proposed by Fischer (1-3) was that no compound 
sugar is fermented directly as such, but that the compound sugar is cleaved 
by appropriate hydrolytic enzymes into its monose constituents, the lat- 
ter actually being fermented as such. Briefly stated this is the classical 
theory of the indirect fermentation of compound sugars. 

Leibowitz and Hestrin (4) stated that: 


“Fischer’s explanation, owing largely perhaps to the high authority of its author, 
was widely accepted. Issentially a speculative theory based on an attractive corre- 
lation, it assumed in the minds of both chemists and biologists the status of a proved 
fact. Icven though Fischer himself had not even attempted to subject his theory to 
crucial quantitative test, the theory went almost unchallenged for nearly a gener- 
ation. Moreover, its scope was broadened and the belief became general that the 
Fischer mechanism described not only alcoholic fermentation of oligosaccharides by 
yeast, but also the fermentations of oligosaccharides by bacteria, and equally the 
glycolysis of compound sugars by tissues of the higher forms of life. Laborde’s [(5)] 
early criticism of the Fischer view in its application to sucrose metabolism in hetero- 
fermentative lactic acid bacteria was simply ignored.”’ 


Willstaitter and Oppenheimer (6) observed that lactose-fermenting 
yeasts may ferment lactose at a faster rate than they ferment the monose 
constitutents of lactose, glucose, and galactose, either individually or in 
mixtures in concentrations equivalent to those of lactose. They found that 
the concentration of lactase in yeast extracts was insufhicient to hydrolyze 
lactose at a rate equivalent to the fermentation of lactose by the intact 
cells. In some instances the lactase content of veast extracts was negligible 
or zero. Because technical difficulties make it impossible to conduct ex- 
periments on lactase with the intact cell, certain objections can be raised 
to a positive statement that direct fermentation occurs. Thus, the evi- 
dence for direct fermentation presented by Willstétter is suggestive and 
inferential, but not conclusive. 

Hestrin (7) demonstrated that lactose can be fermented more rapidly 
than hexoses by using a veast strain from Palestine Leben, and Myrbiick : 
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and Vasseur (8) obtained a similar result with Saccharomyces fragilis and 
Torula cremoris. 

Kluyver and Custers (9) noted that Blastodendrion intermedium fer- 
mented lactose, but did not respire in it, whereas the organism both fer- 
mented and respired in glucose. The lack of respiration in lactose would 
indicate that glucose, on which the cells do respire, was not formed. 

Wright (10, 11) has suggested a direct fermentation of lactose by Strep- 
lococcus thermophilus. In the present author’s laboratory, experiments 
with Streptococcus thermophilus have resulted in more rapid fermentation 
of lactose than ot glucose. Fermentation of glucose was always slow or 
slight and in one instance a fermentation of lactose was nearly complete 
before glucose was fermented at all. 

Hoff-Jorgensen ef al. (12) have shown that one strain resembling Lacto- 
hacillus bulgaricus will grow in a medium containing glucose plus lactose 
but will not grow in the same medium containing glucose only. 

The evidence for the direct fermentation of maltose and certain other 
carbohydrates has been reviewed by Leibowitz and Hestrin (4). 

Experiments in this laboratory in which attempts have been made to 
isolate a lactase from extracts of lactose-fermenting yeasts have yielded 
disappointing results. At different times either no lactase was found or the 
quantity present was negligible. In the latter case the presence of lactase 
was atransitory phenomenon. ‘These experiments induced us to undertake 
the work reported here. 

The evidence for the direct fermentation of lactose, as presented by other 
workers, is persuasive and is based primarily on the kinetics of the fermenta- 
tion. However, certain objections are difficult to invalidate. 

It is the purpose of this paper to present data showing the relative rates 
of fermentation by diverse types of lactose-fermenting yeasts, as well as to 
present new and more definite proof of the direct fermentation of lactose by 
lactose-fermenting yeasts. 


EXPERIMENTAL 
Methods 


The organisms employed in this work were Torulopsis kefir 149, Sac- 
charomyces lactis 131, Torula lactosa 168, Zygosaccharomyces lactis 90, 
Torulopsis sphacrica 13, Saccharomyces anamensts 145,' type F 93,? Candida 
pseudotropicalis 32, Mycotorula lactis 130, Saccharomyces fragilis 15, and 
Torulopsis cremorts 2. 

! This strain, received from the Lister Institute, is obviously incorrectly desig- 
nated. According to Stelling-Dekker (13) Saccharomyces anamensis should ferment 


maltose but not lactose. 
? Type F appears to be a variety of Saccharomyces fragilis unable to ferment inulin. 
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According to Diddens and Lodder (14), Mycotorula lactis is a representa- 
tive of Candida pseudotropicalis and Torula lactosa a strain of Candida 
pseudotropicalis vr. lactosa. These organisms are as representative a 
group of lactose-fermenting veasts and veast-like fungi as it was possible to 
obtain. 

Strains 145, 93, 32, 1380, 2, and 15 were incubated at 37° and strains 131, 
149, 90, 13, and 168 at 30°. These temperatures are within the optimal 
range for both growth and fermentation. 

The source cultures used for inoculating the experimental fermentations 
were grown on agar slopes of the following composition: Bacto-tryptone 
0.5 per cent, Bacto-yeast extract 0.3 per cent, IKH.PO, 0.2 per cent, agar 
2 per cent, and glucose 2 per cent. Except for one type of experiment, 
which will be described later, the stock cultures had been grown for many 
transfers (five times weekly for nearly a year) on the above medium con- 
taining glucose as the sole carbohydrate. Since many yeasts are capable 
of adapting themselves to the fermentation of certain carbohydrates, 
particularly galactose, glucose was chosen in order to avoid the complica- 
tions of adaptation. The importance and significance of this point will be 
discussed later. 

The inocula for the fermentations were grown on agar slopes for 48 hours. 
The cells were washed trom the surface and suspended in sterile distilled 
water. ‘The suspension was shaken mechanically and uniform aliquots in 
any given experiment were inoculated into the fermentation flasks which 
contained a medium of the following composition: Bacto-tryptone 0.5 per 
cent, Bacto-yeast extract 0.3 per cent, KH,PO, 0.2 per cent, 85 per cent 
lactic acid 0.04 per cent, and the appropriate carbohydrates or mixtures 
of carbohydrates at the desired concentrations. The pH of this medium 
was approximately 5.1 and remained constant during autoclaving. The 
flasks were of 125 ml. capacity and contained 78 gm. of the fermentation 
medium which had been dispensed by an automatic pipette. The flasks 
were plugged with cotton and autoclaved no longer than 5 minutes at 15 
pounds steam pressure in order to avoid decomposition of the sugars. 

Glucose and galactose were Pfanstiehl products with specifie rotations 
of +52.5° and +80.5°, respectively. The lactose was recrystallized from 
c.pP. lactose and treated with norit A six times. The specific rotation of the 
lactose was +52.5° at equilibrium. ‘These values were obtained inde- 
pendently by two analysts and are in agreement with accepted values (15). 

The progress of the fermentations was followed by a direct determina- 
tion of the residual sugar by polarimetric analysis. 3 times the normal 
weight of the sugar were taken in each case and clarified with lead sub- 
acetate. The normal weights were accepted as 32.248 gm. for glucose, 
32.857 gm. for lactose, and 21.429 ym. for galactose. All polarimetric 
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analyses were conducted at 20°. Results of many analyses were usually 
within 0.05 per cent of the known concentrations of the various carbohy- 
drates. For the analyses of mixtures of glucose and galactose, the primary 
fermentation with the lactose-fermenting yeast was terminated by mo. 
mentary autoclaving. After cooling, the flask was reinoculated with 
Saccharomyces chevalicri, American Type Culture Collection No. 9804. 
This yeast ferments glucose but not lactose or galactose, and it does not 
become adapted to the fermentation of galactose even after long periods of 
time. Thus the residual galactose was determined directly, and the 
residual glucose in a mixture of glucose and galactose was determined by 


TaBLe I 


Fermentation of Glucose, Galactose, and Lactose by Representative 
Lactose-Fermenting Yeasts 


| Sugar fermented*® 


Organism 
| Glucose Galactose Lactose 
| per cent percent per cent 
T’. kefir 0.42, 1.02, 1.22, 3.03) 0.20, 0.29, 0.81, 0.93 0.42, 0.80, 1.49, 1.88 
S. lactis 0.88, 1.55, 3.38, 4.15 0.99, 2.18, 4.08, 4.54) 0.84, 1.46, 2.74. 3.98 
T.lactosa _| 0.70, 1.48, 2.92, 3.54) 0.63, 1.20, 2.67, 3.19 0.70, 1.46, 2.61, 3.50 
Z. lactis 0.59, 1.05, 2.15, 2.53 0.21, 0.47, 1.00, 1.50, 0.53, 0.91, 2.47, 2.57 
T. sphaerica 0.45, 1.02, 2.00, 2.74 0.35, 0.43, 1.39, 2.57, 0.53, 0.87, 1.95, 2.56 
S. anamensis 0.88, 1.66, 3.27, 4.09 0.82, 1.59, 2.95, 3.73] 0.84, 1.36, 3.20, 3.20 
Type F 1.12, 2.00, 3.27, 4.09 0.97, 1.78, 3.06, 3.43! 1.19, 2.31, 3.71, 3.70 
C. pseudo- | 0.88, 1.44, 2.85, 3.27 0.92, 1.73, 2.81, 3.19) 0.88, 1.50, 2.57, 3.29 
tropicalis 
M. lactis 0.59, 1.12, 2.15, 2.53 0.67, 1.30, 2.01, 2.24 0.90, 1.50, 2.55, 2.85 
S. fragilis 0.84, 1.44, 2.25, 2.57 0.85, 1.43, 2.20, 2.49 1.08, 1.53, 2.61, 3.30 
7. cremoris 0.96, 2.07, 4.01 ~—0.18, 1.56, 2.94 0.01, 1.97, 4.18 


* The figures represent values for 18, 26, 42, and 50 hours, respectively, of elapsed 
fermentation time. 


difference. Appropriate uninoculated controls were included so that the 
correct constants for calculating percentages of sugar from the observed 
rotations could be determined. 


Results 


In Table [ are summarized the results of experiments which show the rela- 
tive attenuation of the individual sugars, glucose, galactose, and lactose by 
eleven representative lactose-fermenting yeasts. The initial concentration 
of each sugar was 5 per cent. If the whole course of the fermentations is 
considered, the average rate of fermentation as determined by the method 
of tangents is as great, or greater, for lactose as for glucose in the case of 
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several organisms. The average rates, expressed as the percentage of 
sugar fermented per hour, in the case of glucose and lactose, respectively, 
were 0.077 and 0.079 for Torula lactosa, 0.088 and 0.098 for type F, 0.065 
and 0.064 for Candida pscudotropicalis, 0.052 and 0.057 for Mycotorula 
lactis, 0.052 and 0.068 for Saccharomyces fragilis, and 0.10 and 0.174 for 
Torulopsis cremoris. Moreover the maximal rates of a fermentation were 
greater for lactose than for glucose with all the above organisms and also 
with Zygosaccharomyces lactis and Saccharomyces anamensis. This must 
mean that lactose was being dissimilated more rapidly than glucose, at 
least during one stage of the fermentations. And this occurred even with 
organisms that could be considered glucose-adapted strains. 

A striking result, as Table I shows, was the relative slowness with which 
galactose was fermented by most of the strains. Only four of the eleven 
strains fermented galactose at average rates, throughout the entire fer- 
mentation, that were equal to or in excess of those for glucose. Of these 
four strains only two, Saccharomyces lactis and S. fragilis, consistently 
fermented galactose as well as they fermented glucose, or better, at nearly 
all intervals of the fermentations, and only one strain, S. lactis, fermented 
galactose more readily than either glucose or lactose for the entire duration 
of the fermentations. With this organism the average rates for glucose, 
galactose, and lactose, respectively, were 0.086, 0.099, 0.067; the maximal 
rates were 0.114, 0.149, and 0.080. Thus, in only one of eleven instances 
ean it be said that galactose was fermented fairly consistently at a rate 
greatly in excess of that of lactose. 

One peculiar feature of the galactose fermentation is the occasional in- 
stance in Which galactose is fermented more slowly than either glucose or 
lactose during the greater part of the fermentation, until suddenly galactose 
begins to be fermented in an explosive-like manner (see the results with 
Torulopsis sphacrica, Table 1). The rate of fermentation may change 
abruptly from a value of 0.047 to 0.147 for a relatively short period. The 
author is not referring to changes from the lag or induction period to the 
logarithmic phase of fermentation, but rather to abrupt changes of rate 
within the logarithmic phase itself. Obviously, such an abrupt change 
would affect the average rate as well as the maximal rate of fermentation 
and make it appear from the figures that galactose is fermented better 
than it really is during most of the fermentation period. 

The results shown in Table I do not describe the course of a complete 
fermentation in which all the initial sugar is finally fermented. Fig. 1, 
however, does depict the entire courses of the fermentations of glucose, 
galactose, and lactose by Torulopsis cremoris. During the 14 to 26 hour 
interval, the slopes of the glucose and lactose curves were practically 
identical at a value of 0.142, and the slope of the galactose curve was only 
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0.104. In the 26 to 48 hour interval the slope of the glucose curve was 
0.120, that of the lactose curve was 0.132, and the rate for galactose was 
considerably less at a value of 0.091. The glucose fermentation was com. 
plete at about 50 hours and the lactose fermentation at about 48 hours, 
but galactose was not completely fermented even after 62 hours. At this 
time 20 per cent of the initial concentration of galactose remained yp- 
fermented. ‘This experiment was repeated with a strain ‘‘adapted’’ to 
galactose through a series of twenty-seven transfers. The results were 
substantially the same as above. ‘The slight differences noted were within 
the limits of experimental variation. 


in 


GALACTOSE 


SUGAR FERMENTED (PERCENT } 


NCUBATETC HOURS 


hic. 1. Fermentation of glucose, galactose, and lactose, individually, by Torulop 
cremoris 2. 


The experiments already described were conducted with media containing 
5 per cent of carbohydrate. It is true that most of these strains, except 
Torulopsis cremoris, are affected adversely by the accumulation of end- 
products, particularly ethanol. Preliminary experiments showed that 3 
per cent of the sugar did not result in an inhibitory concentration of end- 
products. Since lactose hydrate should hydrolyze to yield 1 mole each of 
glucose and galactose, experiments were performed to compare the fer- 
mentation of 3 per cent lactose with equivalent mixtures of glucose and 
galactose. All the strains were tested in such experiments. ‘The data for 
strain 93 shown in Table Il are representative to varving degrees of the 
results obtained with all strains, except strain 131, and the special case of 
strain 149. As Table II shows, lactose was fermented completely, while 
0.66 per cent of sugar, or 44 per cent of the initial concentration of galactose, 
remained unfermented in the mixture. The glucose in the mixture was 
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fermented completely. Although, as pointed out previously, galactose 
alone is fermented fairly well by a few strains, this sugar is fermented 
poorly in the presence of glucose by all strains except strain 131, presumably 
hecause of a preferential glucose fermentation. 

Strain 131, unlike the other organisms, fermented galactose well, indeed 
so well that galactose was fermented in preference to glucose in a mixture 
of these sugars. The results in Table IIL show that galactose was fer- 
mented completely within 50 hours, whereas OSL per cent of glucose or 54 


Il 
Fermentation of Glucose, Lactose, and Equivalent Mirture of Glucose and 
Galactose by Type F 98 


Sugar fermented 


(,lucose Lactose Glucose-galactose 
hrs per cent percent per cent | per cent 
19 1.19 1.10 0.76 0.27 
27 1.80 1.50 0.52 
4.00 3.00 
1.23 


1.31 


Ill 
Fermentation of Glucose, Lactose, and Equivalent Mirture of Glucose and 


Galactose by Saccharomyces lactis 13] 


sugar fermented 
Fermentation time 


Glucose Lactose (Glucose-galactose 
Ars per cent per cent per cent per ceni 
1.19 0.61 0.27 
yw 2.22 2.52 0.69 1.50 
2.63 0.72 1.50 


per cent of the initial concentration remained unfermented. Originally 
it was thought that, since this exceptional strain ferments galactose alone 
ata rate superior to that of glucose alone, a lactase enzyme might be 
operative in the fermentation of lactose. llowever, the results do not con- 
frm this expectancy because lactose was fermented significantly faster 
throughout most of the fermentation period than an equivalent mixture of 


glucose and galactose 

Results with Torulopsts he fir 1AY were the most interesting and definite. 
The ability of this strain to ferment glucose, galactose, lactose, and equiva- 
lent mixtures of glucose and galactose was tested in repeated experiments. 
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The results for a glucose-adapted strain are shown in Table LV. Here jt 
is seen that the fermentation of glucose in the 3 per cent control sample 
was complete within 43 hours and the fermentation of 3 per cent lactose 
within 67 hours. The glucose in a mixture of glucose and galactose was 
completely fermented within 43 hours. The galactose (1.5 per cent) in this 
mixture was not fermented at all. 

The results just described for Torulopsis kefir 149 were obtained with a 
glucose-adapted strain. It is important to know (1) whether this organism 
can be adapted to ferment galactose, and (2) whether the galactose-adapted 
strain behaves similarly to the glucose-adapted strain. Accordingly, the 
glucose-adapted strain was passed through media containing glucose, 
galactose, and lactose, each singly, by means of massive inocula through 
twenty-seven transfers. These adapted strains were then tested in the 
individual sugars and in a mixture of glucose and galactose equivalent to 


Tasie IV 
Fermentation of Glucose, Lactose, and Equivalent Mizture of Glucose and 


Galactose by Torulopsis kefir 149 


Sugar fermented 
Fermentation time 


(,lucose Lactose Glucose-galactose 
Ars. per cent per cent per cent per cent 
19 52 | 0.15 | 0.35 0 
27 1.03 L.is 1.43 0) 
43 3.00 1.57 0) 
20s 
67 3.00 


the concentration of lactose. These results are shown in ‘Table V. The 
fermentation of 3 per cent glucose Was complete in the cases of all the adap- 
ted strains. Galactose, itself, at an initial concentration of 3 per cent was 
fermented slightly (only 14.33 per cent of the initial concentration) within 
48 hours by the glucose-adapted strain. Galactose at an initial concentra- 
tion of 1.5 per cent was not fermented within 31 hours and only 4.66 per 
cent of the initial concentration was fermented within 48 hours. This 
difference in the slight fermentation of galactose, dependent on the initial 
concentration, Was sometimes encountered. There is mo apparent ex- 
planation for this. But again the glucose-adapted strain fermented lac- 
tose individually, but not galactose in a mixture of glucose and galactose, 
through a period of at least 48 hours. 

The galactose-adapted strain fermented galactose and adaptation took 
place. Despite the fact that galactose was now being fermented by the 
galactose-adapted strain, lactose was completely fermented within 57 hours, 
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while 0.20 per cent of galactose (or 13.33 per cent of the initial concentra- 
tion) remained unfermented in a mixture of glucose and galactose at the 
end of 71 hours. Furthermore, lactose was fermented at a faster average 
rate (0.070) than was the case with equivalent mixtures of glucose and 
galactose (0.051). Near the end of the fermentation when lactose was 
fermented completely, the rate for lactose during «a 2 hour period was 
0.000, while the rate for glucose-galact ose during this same interval and an 
additional period of 14 hours (at the end of which there remained 0.20 per 
cent of residual sugar) was only 0.019. 


\ 


Fermentation of Glucose, Galactose, and Lactose by Adapted Strains of 
Torulopsis ke fir 149 


Sugar fermented*® 


Substrate 
Glucose strain Galactose strain Lactose strain 
per cent per cent per cent 

Glucose 0.76, 1.92, 3.00 0.39, 1.36, 2.55, 0.69, 1.70, 2.96, 
(3%) 3.00 3.00 

Galactose 0.07, 0.18, 0.43, 0.16, 0.57, 1.48, 0.25, 0.75, 1.80, 
(3% 0.66, 0.80 2.14, 2.59 2.36, 2.82 

Lactose 0.43, 0.98, 1.66, 0.40, 1.19, 2.24, 0.47, 1.27, 2.35, 
(3%) 2.30, 2.41 2.82, 3.00 3.00 

Glucose 1.18, 1.50, 1.50 0.48, 1.05, 1.80, 0.48, 1.25, 2.02, 
(1.5% )- 2.50, 2.80 2.75, 3.00 
galactose 
(1.5%) 

Glucose L.Is, 1.50 0.39, 1.32, 1.50 0.71, 1.50 
(1.5°%) 

Galactose 0, 0, 0.07, 0.22, 0.10, 0.55, 1.25, 0.22, 0.67, 1.00, 


(1.5% ) 0.27 1.50 1.50 


*The figures represent values for 23, 31, 48, 55, and 71 hours, respectively, of 
elapsed fermentation time. 


The lactose-adapted strain, as was to be expected, fermented lactose at a 
faster rate than either of the other two adapted strains. The fermentation 
of lactose was complete within 55 hours. At this time 0.25 per cent of 
sugar remained unfermented in the glucose-galactose mixture. But the 
striking fact was not that the lactose-adapted strain fermented lactose 
faster than a mixture of glucose and galactose, but rather that a lactose- 
adapted strain should, in the absence of any contact with galactose, simul- 
taneously adapt to galactose, for the lactose-adapted strain fermented 
completely 1.5 per cent of galactose and also 3.0 per cent of galactose more 
rapidly in each case than did the galactose-adapted strain itself. This is a 
puzzling result for which the author has no ready explanation. 
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DISCUSSION 


All of the organisms studied fermented lactose at a faster rate than that 
at which they fermented a mixture of glucose and galactose. In addition, 
however, it must be remembered that one glucose-adapted strain fermented 
lactose completely but did not ferment galactose in a mixture of glucose 
and galactose. It is difficult on the basis of this direct result to argue that ¢ 
preliminary hydrolysis of lactose in a fermentation is necessary. 

The reason that lactose is fermented faster than a mixture of glucose and 
galactose lies in the fact that galactose, itself, normally is fermented with 
relative difficulty. On the basis of present knowledge it is only possible 
to speculate as to the reason for the slowness of the galactose fermentation. 

The importance of phosphorus in carbohydrate metabolism is now wel] 
established. If preliminary hydrolysis of lactose in a fermentation does 


LACTOSE + ADENOSINE-TRIPHOSPHaTE ENZYME, | 


+ ADENOSINE - DIPHOSPHATE 


|| ENZYME 


NZYM 
PYRUVIC ACIO-.---- LACTOSE-PHOSPHATE 


GLYCOGEN+ H,PO, 


not occur, then it is necessary to postulate a reaction analogous to that of 
Price, Cori, and Colowick (16). This is shown in the accompanying 
scheme. 

The reaction scheme may not be exactly as shown, but it is not unreason- 
able to assume the formation of phosphoric esters with disaccharides. 
Doudoroff et al. (17) have already demonstrated the phosphorolysis of 
sucrose and related compounds in fermentation by /?sevdomonas. sac- 
charophila. 

The existence of galactose-l-phosphate has been demonstrated by 
Kosterlitz (18). The author cannot explain the simultaneous adaptation 
of a lactose-adapted strain to galactose. The possibility of the existence ol 
« lactose-phosphate ester has not yet been investigated. Until these gaps 
in our knowledge are bridged, it is not possible to argue with assurance 
concerning the mechanism of lactose fermentation. Considerable work 
remains to be done. 


SUMMARY 


The lactose-fermenting yeasts adapted to glucose, galactose, or lactose 
fermented lactose faster than they fermented an equivalent mixture of 
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and galactose. Normally this is because of a relatively weak 


ose fermentation. 
One lactose-adapted strain, in the absence of any contact with galactose, 
jmultaneously became adapted to the fermentation of galactose. 
One glucose-adapted strain fermented lactose completely, while it did 
sot ferment galactose in a mixture of glucose and galactose. 
Enzymatic hydrolysis of lactose is unnecessary for the fermentation of 
igctose. Fermentation may be “direct”? by means of phosphorolysis and 


shosphorylation. 


The significance of these results in relation to modern schemes of carbo- 
bydrate metabolism is discussed. 
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CARBONIC ANHYDRASE IN THE CENTRAL NERVOUS 
SYSTEM OF THE DEVELOPING FETUS* 


By WINIFRED ASHBY ano ELLEN BUTLER 
(From the Blackburn Laboratory, Saint Elizabeths Hospital, Washington) 


(Received for publication, April 24, 1948) 


Well defined patterns of quantitative distribution of carbonic anhydrase 
have been reported in the central nervous system of man and of animals 
(1,2). Two reports have been made on deviations from the normal pattern 
of distribution in man incident to mental disease (3,4). As part of an effort 
to elucidate the significance of this enzyme in the central nervous system, a 
study of its fetal distribution was undertaken. 

Studies by various workers have been reported on oxygen uptake and on 
increase in individual enzymes with maturation of the central nervous 
system. These were made both upon the young of animals immature at 
birth and upon fetuses of species comparatively mature when born. 

Measurements of O. uptake by the central nervous system in puppies 
from birth to 7 weeks of age, made by Himwich and Fazekas (5), show an 
increase in metabolic rate proceeding from the medulla to the caudate 
nucleus and approaching the pattern of the adult in which the respiratory 
metabolism is found to be higher in the newer phylogenic layers than in the 
older. Adult oxygen consumption was not attained. Similar findings are 
reported by Tyler and van Harreveld for the rat (6). 

Studies on the distribution of the enzymes choline esterase, cyto- 
chrome oxidase, succinie dehydrogenase, and succinic oxidase show a similar 
rostral movement in attainment of maximum content. In the human fetus 
obtained by hysterotomies and hysterectomies Youngstrom (7) reports a 
rapid increase in choline esterase content of the cord, medulla, and mid- 
brain from the 56th to the 121st day of fetal age. In the basal ganglia 
and cerebrum there was a slight increase up to 4 months, when a precipitous 
increase occurred. A similar study was made by Nachmansohn (8) in 
fetal goats. Flexner, Flexner, and Straus (9, 10) studied the increases, in 
the cerebral cortex only, of cytochrome oxidase, succinic dehydrogenase, 
and succinic oxidase with growth of the fetal pig. Between the 60th day and 
birth at 114 days there were two increases in these enzymes which correlated 
with morphologic changes in the cortical tissue. 

Studies by Meldrum and Roughton (11) on the development of carbonic 
anhydrase in the blood of fetal goats and those of Stevenson (12) on the 
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blood of premature infants indicate a late appearance of any considerable 
quantity of that enzvme. 


EXPERIMENTAL 


Technique—In this study carbonic anhydrase was determined by the 
colorometric method and correction was made for the enzyme contained in 
the red blood cells remaining in the tissue as previously reported (13). 
Seven fetal calves were obtained incident to the slaughter of the hospital 
herd of cows for beef; there was no delay in obtaining specimens. A calf 
was sacrificed immediately after birth for this study. The fetal ages were 
obtained from the breeding records, except those of Fetuses Il and V for 
which an estimate of age was made on the basis of development. 


TABLE | 


Increase of Carbonic Anhydrase in Blood of Fetus (Cattle 


Age Packed corpuscles Age Packed corpuscles 

days unmils per cc. days unels per cc. 
100 244 

113 222 257 6H7s 

2065 244 207 F226 

24 ] 275 

241 At birth 

243, Adult TOO 


Gestation period, 275 to 283 days. 


Specimens from the central nervous system of the infants were obtained 
from the Gallinger Municipal Hospital. Five of these infants were born 
prematurely and were underweight, but were free of evidence otf disease. 
A full term child which weighed 8 pounds was born alive, but did not 
survive. Autopsies were performed within 48 hours after deafh; the bodies 
were in the meantime appropriately stored with respect to temperature. 

Results with Fetal Cattle—Ineident to the determination of the correction 
to be made for carbonic anhydrase in the red blood cells of the tissue, the 
enzyme content of packed corpuscles was determined. It was found that in 
the blood of the voungest fetus studied, aged 96 days, there was a con- 
siderable amount of the enzyme present. ‘This increased to the Sth month, 
after which it remained at approximately the same level until birth. Data 
on ten fetuses of known ages are given in ‘Table I. 

Carbonic anhydrase contents of various areas trom the central nervous 
system of five fetuses ranging In age from 06 to approximately 240 days are 
charted in Fig. 1. No carbonic anhydrase was demonstrable in the cere- 
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brum of any of these animals after that present in the blood of the tissue 


was accounted for. In a sample consisting of a mixture of cerebellum and 
brain stem of Fetus I, aged 96 days, a slight tissue enzyme content may have 


om 1 


— 


Fic. 1. Rostral progression of distribution of carbonic anhydrase in the central 
nervous system of the cattle fetus from the 96th day of gestation to an estimated 8 
months. Fetus I, length 74 inches, weight } pound; Fetus II, 18 inches, 7} pounds; 
Fetus III, 21 inches, 13} pounds; Fetus IV, 29 inches, 31 pounds; Fetus V, 33 inches, 
34 pounds. Units of carbonic anhydrase per gm. of wet tissue are plotted as the 
ordinates. M. = medulla, P. = pons, Cb. = cerebellum, Cl. = collieuli, T. = 
thalamus, Cm. = cerebrum. 


been present; the cord could not be obtained. In Fetus II the enzyme was 
definitely present in the cord, in the combined pons and medulla, and in the 
cerebellum, although the amount was so slight that differences could not be 
estimated. The cord of Fetus III, aged 113 days , contained an amount of 
enzyme approaching that found in the adult; the amount in the combined 
medulla and pons was increased, but that of the cerebellum and colliculi 


| ¥ 
| 
| | | 
| | | | | | | 
\ 
| | / | 
| f \ 
\ \ 
4 
| / | 
| 5 \ ‘\ | 
| — NG | | 
| 4 | I \ 
| | | 
t 
6 
| Sco) | | | 
| 


42s FETAL CARBONIC ANHYDRASE 


was stilllow. In Fetus IV, 206 days old, the content of the cerebellum had 
surpassed that of the medulla and pons and had attained the prominence 
seen in the adult: there were considerable increases in the colliculi- and 
thalamus. Fetus V, approximately 240 days old, showed about the same 
amount in the cord as did Fetus IV, and a further increase in more rostral] 
parts. 


30 
Yom. 


20 


Term. 
\ 275 
267 
*s 
~.. 206 
0 ~~3° 240s 


A A 


Fic. 2. Similarities in the pattern of distribution of carbonic anhydrase in the 
central nervous system of the developing cattle fetus from the 206th day of gestation 


toterm. Where a comparable area is omitted a broken line is used. CN. = nucleus 
caudatus; other letters as in the legend to Fig. 1. 


Two additional fetuses were subsequently obtained which were nearer to 
their full growth. One of these was 267 days old and the other 275 days. 
The gestation period is 275 to 286 days. In these fetuses carbonic an- 
hydrase was found in the cerebrum; in the 267 day-old fetus the amount 
was 3.7 units per gm. and in the 275 day-old fetus it was 6.7 units per gm., 
as against 8 units for the new-born. Except for this appearance of carbonic 
anhydrase in the fetal cerebrum shortly before term, the four older fetuses 
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studied, beginning with that aged 206 days, show a remarkably constant 
pattern | of quantitative distribution, which is like that of the new-born. 
The data illustrating this consistency of pattern are charted in Fig. 2. 

At the time of birth the adult pattern was established, although at a 
lower level. In Fig. 3 the data obtained from the study of Fetus V, of the 


30} 
20} 
_S 
New-born 
0 Ee tus | 


Fic. 3. Approximation to the adult pattern of distribution of carbonic anhydrase 
in the central nervous system in the 8 month cattle fetus, a new-born calf, and a calf 
a few days old as compared with an 18 month-old steer and a3 year-old cow. Letters 


as in Fig. 1. 


ealf which was sacrificed immediately after birth, and of a calf which died of 
an infection soon after birth are compared with data from a steer and a cow. 
It is seen that when the enzyme content of the same areas was measured 
the relationships between them were very generally the same within the 
error of the technique. The outstanding exception is that of the relation- 
ship between the thalamus and the cerebrum in the new-born and the steer. 
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Data on Human Infants 


FetusNo. Weight — | | Notes 
| | per cc. 
| — red blood cells 
I | 6 | <30 Separation of placenta 
II <30 Still-born 
III 2 lbs., 2 oz | 6 <30 Lived 5 hrs., lungs atelectatic 
IV <30 Breathed, died 
V 8* <30 Difficult labor 
VI 9 145 Died at birth 
Adult | 600 | 


— — 


* History of full term, but the ages given were estimated by the neurologist on the 
basis of the development of the brain. 
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Fia. 4. Delayed approach to the human adult pattern of carbonic anhydrase 
distribution in the central nervous system of Fetuses I to VI. Letters as in Figs. 1 
and 2. 
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In the new-born the thalamus had attained the enzyme level found in the 

steer, Whereas the lag in development of carbonic anhydrase content in the 

cerebrum of the new-born resulted in a reversal of the relationship seen in 
| the older animal. 

Data from Human Infanis—Clnical data concerning the infants studied 
wegivenin Table II. In Fig. 4 are charted the carbonic anhydrase findings 
for five premature infants and for the one born at 9 months. In contrast to 
the preceding findings in cattle, the pattern of distribution at birth does not 
parallel that of the adult, but tends to stand in reverse order, the phylo- 

' genetically older regions of the central nervous system having the higher 
content. No carbonic anhydrase was found in the cerebrum. In the pre- 
mature infants the spinal cord has the maximum content, approaching that 
found in the adult, but the more rostral areas showed little development of 
theenzyme. In the 8 pound infant of 9 months the content of the medulla 

had developed to adult proportions, but that of the pons had definitely 
lagged. In the human adult the content of the pons has always been 

found to be higher than that of the medulla. In this infant the con- 
tents of the cerebellum and caudate nucleus were still further from adult 
proportions. 


DISCUSSION 


Unlike studies of other enzyme increases in the central nervous system of 
the fetus, the study of carbonic anhydrase shows a complete absence of the 
enzyme from the pallium until shortly before birth, although as with other 

enzymes reported, a progressive rostral increase, emerging towards the 
adult pattern of distribution, is indicated. 

With the exception of an absence of this enzyme from the pallium, the 
fetal calf at 206 days showed a distribution closely paralleling the pattern 
found in the central nervous system of adult cattle. There was evidence of 
a caudal-rostral approach to this pattern in the 113 day fetus. Although 
more than half of the adult cerebral content was found in the calf at birth, 
the fetus taken | to 8 days betore birth, depending upon what its gestation 
period would have been, showed a content of 83 per cent of that of the 
new-born and the cerebrum of a fetus 12 days younger contained 50 per 
| cent. This would suggest a steep increase of the enzyme within the last 
~ month of gestation, with a preceding absence from the cerebrum coincident 

with a fairly high level in the fetal blood. 

Similarly the human fetus showed a rostral increase in carbonic an- 
hydrase with development. However, even with a content in the cord 
approaching that of the adult level, little or none was found in the higher 
centers of the premature infant and, in contrast to the new-born calf, no 
enzyme was found in the pallium of the full term infant, although it was 
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present in the cerebellum and caudate nucleus. Whether this absence of 
carbonic anhydrase from the cerebrum at birth is normal for the human 
new-born, being associated with its greater immaturity, or is a symptom of 
a lowered physiologic efficiency which resulted in the failure of this child 
to survive birth, remains to be determined. But in either event, because 
of its late appearance in the cerebrum, carbonic anhydrase would seem to 
fall in a different category from that of the other enzymes so far studied jn 
the fetal brain. 


SUMMARY 


Study of the distribution of carbonic anhydrase in the central nervous 
system with development of the normal fetus of cattle has indicated the 
following: (1) a progressive caudal to rostral increase in the enzyme 
approaching the adult pattern; (2) in contrast to other enzymes studied in 
the fetal central nervous system an absence of the enzyme from the cere- 
brum until late in fetal development; (3) from the 7th month to birth, 
except for its absence in the pallium, a clean cut repetition of the pattern 
of relative content of the enzyme with an approach in magnitude to the 
level found in the adult. An early appearance of the enzyme was 
found in the blood of fetal cattle, in contrast to the finding of Meldrum 
and Roughton for fetal goats. 

In the human premature and full term infants the data indicate the 
following: (1) a caudal to rostral increase in the enzyme with increase in 
menstrual age; (2) a less complete approach to the adult pattern of distri- 
bution in the full term infant than in the 6 month cattle fetus; (3) no ear- 
bonie anhydrase in the cerebrum at birth. 

The possibility that the absence of carbonic anhydrase from the cerebrum 
of the full term human infant may be abnormal is considered. 


BIBLIOGRAPHY 


. Ashby, W., J. Biol. Chem., 155, 671 (1944). 

. Ashby, W., Proc. Soc. Exp. Biol. and Med., 67, 17 (1948). 

. Ashby, W., and Weickhardt, G. D., J. Nerv. and Ment. Dis., 106, 107 (1947). 

. Ashby, W., and Weickhardt, G. D., J. Nerv. and Ment. Dis., 106, 540 (1947). 

. Himwich, H. E., and Fazekas, J. F., Am. J. Physiol., 132, 454 (1941). 

. Tyler, D. B., and van Harreveld, A., Am. J. Physiol. , 136, 600 (1942). 

. Youngstrom, K. A., J. Neurophysiol., 4, 473 (1941). 

. Nachmansohn, D., J. Neurophysiol., 3, 396 (1940). 

. Flexner, J. B., Flexner, L. B., and Straus, W. L., Jr., J. Cell. and Comp. Physiol., 
18, 355 (1941). 

10. Flexner, J. B., and Flexner, L. B., J. Cell. and Comp. Physiol., 27, 35 (1946). 

11. Meldrum, N., and Roughton, F. J. W., J. Phustol., 80, 113 (1933-34). 

12. Stevenson, 8. S., J. Clin. Invest., 22, 403 (1943). 

13. Ashby, W., J. Brol. Chem., 166, 323 (1944). 


Who 


UTILIZATION BY THE RAT OF 3-HYDROXYANTHRANILIC 
ACID AS A SUBSTITUTE FOR NICOTINAMIDE* 


By HERSCHEL K. MITCHELL, JOSEPH F. NYC, anno RAY D. OWEN 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, May 8, 1948) 


Experiments by a number of workers have established the fact that 
addition of tryptophan to the diet results in increased synthesis of nico- 
tinic acid by a number of mammals (1-7). 

As suggested by Rosen, Huff, and Perlzweig (2), the facts indicate that 
tryptophan is a natural precursor of nicotinic acid. Recently a series of 
papers from this laboratory (8-10) has presented evidence that the mold 
Neurospora is able to convert tryptophan to nicotinic acid, and that kynu- 
renine and 3-hydroxyanthranilic acid are intermediates in the conversion. 
Although kynurenine is a well known metabolic product of tryptophan in 
animals, 3-hydroxyanthranilic acid was not known chemically or biochem- 
ically prior to its recent synthesis (9, 10). The natural occurrence of 
3-hydroxyanthranilic acid was indicated by its presence as a trimethyl 
derivative (damascenine) in the seeds of Nigella. More recently it has 
been shown by Bonner (11) to be identical with a precursor of nicotinic 
acid that is accumulated by a mutant of Veuwrospora. 

The present work is concerned with the question of whether or not 
3-hydroxyanthranilic acid will replace nicotinamide for the rat, as it does 
for Neurospora. <A preliminary report by Bonner (11) has indicated that 
the compound does not replace nicotinamide or tryptophan for rat growth. 
However, in view of the instability of the substance it seemed likely to the 
authors that the requirement by rats might be rather high due to loss 
through oxidation and possibly methylation in the animals. Consequently, 
in the experiments to be described, 3-hydroxyanthranilic acia has been fed 
at a moderate and at a high level as compared to the amount of nicotin- 
amide given. 

EXPERIMENTAL 

Basal Diet—The basal diet used in these experiments is very similar to 
Diet 1, Group 5, as described by Krehl ef al. (4). The composition of the 
diet is given in Table I. 

Experimental Procedure —Five litters (thirty-six rats) were obtained from 

* This work was supported by grants from the Williams-Waterman Fund for the 


Combat of Dietary Diseases and from the Rockefeller Foundation. 
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a cross of two inbred strains. One of these, an agouti Irish line, is from 
stocks provided in 1946 by Dr. W. F. Dunning (Wayne University). The 
other is an albino line designated “M. I.”’ by Dr. A. B. Chapman (Univer- 


TABLE I 


Basal Diet 


Corn-meal (Albers, 


Casein (Casein Company of America, vitamin-free) 


Sucrose... 

Corn oil..... 
Cystine. . 

Choline chloride | 
Thiamine 


Calcium pantothenate. 
Inositol... 

Biotin. 

Folie acid... 

Vitamin Kk... 

Salt mixture*........ 
Vitamins A, D, Et 


1 gm. 
).2 mg. 
5 
400 gm. 
2 drops per rat 
per wk. 


* Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 
tf A mixture of 200 drops of corn oil, 100 drops of halibut liver oil, and 100 mg. of 


a-tocopherol. 


Taree Il 
Werghts of Rats at Beginning and End of Experiment 


Initial weight 


Group No. No. of rats 

Range 

em. 
I S 46) 
Il 33-50 
IV 6 25-48 
V 12-47 


Average 


em. 


37 
37 
44 


Final weight 


Range 


U1 
57-105 
67-107 


Average 


qm 


sity of Wisconsin) from whom the stock was obtained in 1946. Hybrids 
of this type presumably combine a high degree of genetic uniformity with 
The basal diet was supplied to mothers 
At 21 days the young rats 


a considerable amount of vigor. 


and litters when the young were 2 weeks old. 
were placed in small cages in pairs of males or females. 


After 3 more days 


1 kg 
“ain 
] 
20 mg. 
Riboflavin. 
Pyridoxine hydrochloride on 
|| em 
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on the basal ration, the animals were placed in the following five groups: 
Group I, basal diet, four males, six females; Group II, basal diet plus 2 mg. 
of nicotinamide per 100 gm. of ration, two males, four females; Group III, 
basal diet plus 100 mg. of tryptophan per 100 gm. of ration, four males, 
two females; Group IV, basal diet plus 10 mg. of 3-hydroxyanthranilic acid 
per 100 gm. of ration, four males, four females; Group V, basal diet plus 


AVERAGE GAIN — GMS. 
~ 


5 10 20 
DAYS 


hic. 1. Average total gain in rats on the basal ration (Group I}, nicotinamide 
(Group tryptophan (Group II1), 3-hydroxvanthranilie acid-low (Group IV), and 
$-hydroxvanthranilic acid-high (Group V). 


100 mg. of 3-hvdroxvanthranilie acid per 100 gm. of ration, four males, two 
females. 

In all cases food and water were given ad libitum, fresh daily. Although 
no special precautions were taken to prevent coprophagy, cages, feeders, 
und water bottles were cleaned frequently. The animals were raised in a 
constant temperature room at 25°. 

Growth Results—-A general summary of the weights of rats in the various 
groups is given in Table II. It should be noted that all of the rats of the 
live litters were used. Except for pairing with respect to sex, rats were 
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placed in the groups at random with no attempt at equalizing the groups 
with respect to weights at the beginning of the experiment. No significant 
relationship was noted between initial weight or sex of an individual animal 
and the total weight gain during the period of the experiment. 

Data on the average total gain of the groups of rats during the course of 
the experiment are given in Fig. 1. 

In addition to the experiment on dietary 3-hydroxyanthranilic acid, four 
animals were given the compound by subcutaneous injections. 9 days after 
the feeding experiment was begun, two rats were taken from Group I and 
two from Group IV. These animals were then kept on the basal ration, 


= 
m 
= INJECTION 
© 
a 
> 
a 
iL i i. _| 


10 iS 20 

DAYS 

Fic. 2. Average gain in weight by rats following subcutaneous injections of 3 
hydroxyanthranilic acid. The dotted lines represent the average increase in weight 
in the groups from which the pairs of rats were taken. 


10 mg. of the compound suspended in 0.5 ml. of saline were given per rat at 
9, 12, and 16 days. Growth performance of these animals is summarized 
in Fig. 2. 
DISCUSSION 

It seems clear from the data presented that 3-hydroxyvanthranilie acid 
will replace nicotinamide in the diet of rats. The requirement is evidently 
somewhat less than that for tryptophan but considerably more than that 
for nicotinamide. Hydroxyanthranilic acid is rather unstable toward oxi- 
dation in the pH range above 6, and, in addition, methylation is to be 
expected in biological systems. In view of these considerations the rela- 
tively high requirement for the compound as compared to nicotinamide ts 
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not surprising. It is worthy of note that 3-methoxyanthranilic acid is sig- 
nificantly inhibitory to the conversion of tryptophan to nicotinic acid by 
Neurospora (unpublished). A similar effect may exist in animals if this 
compound is a metabolic product of 3-hydroxvanthranilie acid. 

The data on the growth effect of subcutaneously injected 3-hydroxy- 
anthranilic acid are too limited to be more than suggestive. It is worthy 
of note that the injected animals received very nearly the same quantity of 
the compound as the animals of Group IV did in the diet during the same 
period of time (125 days). In spite of this fact the injected animals in- 
creased in total growth, while the growth of Group ITV was slightly inferior 
to that of the controls (Pig. 2). Although more extensive information 
along this line might contribute toward answering the question of whether 
intestinal flora or animal tissues are responsible for the growth effect of 
3-hydroxyanthranilic acid, it is doubtful that growth experiments can settle 
the question. 

It has been shown that Neurospora is able to convert tryptophan, kynu- 
renine, and 3-hydroxyanthranilic acid to nicotinic acid (8, 9). The fact 
that the rat utilizes 3-hydroxvanthranilic acid as a substitute for nicotin- 
amide suggests that in this animal the conversion of tryptophan to nico- 
tinamide follows a pathway similar to that in Neurospora. 


SUMMARY 


1. Data are presented to show that 3-hydroxyanthranilic acid can be 
substituted for nicotinamide or tryptophan in promoting growth of rats. 

2. The requirement for 3-hydroxyanthranilic acid is considerably higher 
than that for nicotinamide when the compounds are given by mouth. A 
limited amount of data indicates a lower requirement when the compound is 
injected subcutaneously. 

3. Results indicate that the mechanism of biosynthesis of nicotinamide 
in the rat is similar to that in the mold \Veurospora. 


‘The authors wish to express their appreciation to Mr. G. L. Merchant of 
Merck and Company for assistance in obtaining some of the constituents 
of the basal diet. The corn-meal was furnished by the Albers Milling 
Company, Oakland, California. 
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ALKALINE PHOSPHATASE IN THI [INTESTINAL LYMPH OF 
THE RAT 


By EUNICE V. FLOCK anp JESSE L. BOLLMAN 


‘From the Division of Experimental Medicine, Mayo Foundation, Rochester, Minnesota) 
(Received for publication, April 26, 1948) 


A decrease of the alkaline phosphatase activity of plasma has been ob- 
served during fasting in rats, guinea pigs, and dogs (1-5). An increase from 
the fasting level has been produced in dogs by the administration of a carbo- 
hvdrate meal (6) and in rats by the administration of a fat meal (2, 5, 7). 
These observations, as well as the fact that the intestinal mucosa has the 
highest content of alkaline phosphatase of any tissue in the body, have led 
to the suggestion that the intestinal mucosa may be a source of the alkaline 
phosphatase of plasma (6-8). Analysis of the intestinal lymph provides 
more direct evidence for this function of the intestinal mucosa. We have 
found that the alkaline phosphatase activity of lymph from the small in- 
testine decreases with fasting and increases after feeding to higher levels 
than does that of the plasma. Moreover, when the intestinal lymph is 
collected continuously and thus diverted from its normal passage into the 
blood stream, the concentration of this enzyme in the blood decreases in the 
fed rat to very low levels. 


Methods 


Male rats of the Sprague-Dawley strain weighing approximately 200 gm. 
were used in these studies. They were maintained on either Friskies or a 
iat-free diet prior to operation. A cannula was introduced into an in- 
testinal lymphatic trunk in the mesentery just prior to its entrance into the 
cisterna chyli. All operative procedures were carried out with the rats 
under ether anesthesia. The cannula was of polyethylene tubing of 1 mm. 
outer diameter and 0.6 mm. internal diameter. Since the ligature placed 
ubout the lymphatic trunk would include other branches, it was felt that all 
of the lymph from the small intestine was obtained in most preparations. 
The rats were placed in small cages with free access to water. Saline 
solution was given daily by subcutaneous injection. The lymph was 
collected continuously and at intervals was analyzed for inorganic phos- 
phate by the method of Fiske and Subbarow (9). For alkaline phosphatase 
activity 0.1 or 0.2 ml. aliquots were incubated with 5 ml. of substrate, 
essentially by the method of Bodansky (10). In the later experiments the 
activator, MgCl,, in 0.2 per cent concentration, was included in Bodansky’s 
substrate. The unit of phosphatase activity used in Tables II to VIII is 
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defined as the amount liberating 1 mg. of P from the substrate when hy- 
drolysis proceeds for | hour at 37°. Similar analyses were made of plasma 
from blood removed by cardiac puncture. 

As a check on the completeness of the collection of intestinal lymph, 
studies were also made of rats in which a polyvinyl chloride tubing (11) 
had been introduced into the thoracic duct. 

Generally the first meal was administered on the morning after the day 
of operation. In most of the experiments a comparison was made of the 
effect of 7.5 ml. of the fat-free diet (Table I) given by stomach tube and of 
the effect of 1 ml. of corn oil administered just prior to the 7.5 ml. of fat-free 


| 
Diets Used for Administration by Stomach Tube 


Fat-free diet 13 per cent fat diet 

om. 
Corn oil 13 
Casein | 20 
Starch 24 
Dextrin... 20 
Sucrose....... | | 19 19 
Salt mixture (12) . | 4 2 
Vitamin mixture* 0.000 0.060 
Oleum percomorphum 0.5 

Water 
Total volume 135 153 
Calorie value, calories per ml... . 2 


* Thiamine hydrochloride 20 mg., riboflavin 20 mg., nicotinic acid 40 mg., pyri 
doxine 20 mg., calcium pantothenate 40 mg., choline chloride 500 mg., and 2-methyl.- 


naphthoquinone 50 mg. Total, 690 mg. per kilo diet. 


diet. In later experiments the corn oil and the fat-free diet were emulsitied 
in the Waring blendor prior to administration. The effect of a 13 per cent 
fat meal, only, was studied in the rats with fistulas of the thoracic duct. 


Results 


There was a definite increase of the alkaline phosphatase activity of the 
intestinal lymph of rats receiving the fat-free meal (Fig. 1). In these rats 
the control sample of lymph was obtained by an overnight collection. 
After a temporary decrease of concentration shortly after the administra- 
tion of the meal, largely owing to an increased flow of lymph, there was an 
increase to a peak at from 6 to 12 hours, with a return toward normal during 
the last half of the 24 hour period. Considerable variation was noted in the 
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maximal levels of phosphatase found in these rats. This variation was 
probably due to variations of rate of gastric emptying. 

The group of rats which received 1 ml. of corn oil in addition to the 
fat-free meal but without preliminary mixing showed increases of phos- 


Fic. 1. The effect of a fat-free meal on the alkaline phosphatase activity of in- 
testinal lymph. All rats had been maintained on the Friskies diet up to the time of 
operation, except Rat 4, which had been shifted to a fat-free diet 1 week before the 
operation. The period of collection of the other samples is shown by the broken line, 
the actual value found being plotted in the center of the time interval and repre- 
senting the average value for the period. The number of each rat is given in pa- 
rentheses for comparison with Table II. 


phatase activity of the intestinal lymph (Fig. 2) which were quite similar 
to those found in the rats which had received the fat-free meal only. 

The effect of Mg** as activator on the alkaline phosphatase activity of 
the lymph was measured in five of the rats shown in Figs. l and 2. On the 
average there was a 42.5 per cent increase in the peak values in the presence 
of Mg**. As atypical example the curves for alkaline phosphatase in the 
lymph of Rat 12 with and without Mg** in the substrate are shown in 
Fig. 3. 
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The range of values for the total volume of lymph collected during a 24 
hour period and for total units of phosphatase in this volume of lymph was 
essentially the same both in the group which received the fat-free meal 
only and in the group which received fat in addition (Table IT). 

After the 24 hour period of lymph collection just described each rat 
received the opposite test meal. The lymph was collected for 6 or 12 


; 


Fic. 2. The effect of feeding 1 ml. of corn oil by stomach tube, followed by the 
same fat-free meal asin Fig. 1. All rats had been maintained on the Friskies diet 
up to the time of operation. 


hours and then the blood was taken for analysis (Table 111). The total 
time that the lymph was collected in these rats varied from 52 to 56 hours. 

In another series of rats, a 2 hour control sample of lymph was collected 
on the next morning after operation, a meal was given, and the lymph was 
collected for three periods of 4 hours each. At the end of this time, when 
the alkaline phosphatase level in the lymph was high, the blood was taken 
for comparison (Table IV). Increase in units of enzyme activity were 
found per 100 ml. of lymph and per volume of lymph collected after both 
meals, but the increases were much larger in the four rats which received 
the fat-free meal plus fat. The generally higher level of values found in 
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FiG.3. The average hourly tlow of intestinal lymph in Rat 12. The alkaline phos- 
phatase activity shown with the solid line is the same as shown in Fig. 2. The level 
of this activity found with Mg** for an activator is shown with the broken line. 


Taste Il 


Volume and Alkaline Phosphatase Activity of Intestinal Lymph over 24 Hour Period 


Fat-free meal Fat-free meal + fat 


Alkaline phos- | Alkaline phos- 
Rat No. Volume phatase activity, Rat No. | Volume ‘phatase activity, 
units per day | units per day 
| ml. | | ml. | 
] 16.4 10.0 2 | 9.2 4.0 
13.2 14.5 12.6 6.3 
S 14.3 10.8 12 17.3 9.1 
10 11.6 3.6 13 21.3 9.7 
11 13.6 6.2 15 13.9 14.2 
14 15.9 5.5 


* These two rats had been maintained on a fat-free diet for 1 week prior to the 
operation; all others had been on the Friskies diet. None were fasted prior to opera- 
tion. 
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this group was in contrast also to that of the rats receiving the fat-free plus 
fat meal shown in Fig. 2. This result may be related to the fact that in the 
observations shown in Table IV the fat was emulsified at the time of feeding. 

The alkaline phosphatase activity of the plasma of rats from which the 
lymph had been collected continuously for 52 to 56 hours was very low 
(Table IIT). Since the rats had been fed 6 or 12 hours previously, the con- 
tent of this enzyme was at a high level in the intestinal lymph. Also in 
the group of rats in which the plasma was analyzed after the lymph had 


TABLeE III 


Comparison of Alkaline Phosphatase Activity of Intestinal Lymph and Plasma after 
52 to 56 Hours of Lymph Collection and 6 or 12 Hours after Meal 


Alkaline phosphatase activity, units per 100 ml. 


Rat No. | Plasma 
| Activator Activator 
None Mg** None Mg** 
4 132 
6* 189 4.8 
| 56.7 4.8 
10 27.1 39.6 19.7 32.1 
1] 52.1 85.4 2.3 4.9 
12t 42.6 5.7 15.4 
13t 51.6 74.8 2.5 5.6 
l 69.6 2.4 6.2 


15t 47. 


* These two rats had been on a fat-free diet for 1 week before the operation; all 


others had been on a Friskies diet. 
+t These four rats received a fat-free meal; others received the fat-free meal plus 


fat. 


been collected continuously for a shorter time interval, 32 to 35 hours, 
similar low values for the alkaline phosphatase of the plasma were found 
(Table V). Analyses of plasma from rats in which the intestinal lymphatic 
fistulas were unsatisfactory, that is, had ceased to function at some time 
during the experiment, are included in Table V. In most of these rats, 
collateral lymphatic channels allowed the lymph to flow into the cisterna. 
Such rats which had received the fat-free meal had 13.2 to 21.1 units of 
alkaline phosphatase per 100 ml. of plasma, while those which had received 
the fat-free meal plus fat had 33.9 and 64.8 units. These values are higher 
than the range of 5.1 to 11.6 units found in the plasma of the rats in which 
the lymph flow through the fistulas was continuous. Intact rats studied 
at the same interval after feeding had from 20.8 to 44.2 units of phosphatase 
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per 100 ml. of plasma if they had received the fat-free meal and from 50.4 
to 68.6 units if they had received the fat-free meal plus fat. Thus it is seen 
that, when the lymph is flowing continuously from the fistula, the level of 
alkaline phosphatase in the plasma decreases to very low levels, but, if the 


TABLE IV 


Changes in Alkaline Phosphatase Activity of Intestinal Lymph during a 12 Hour 
Period Following Meal 


| Alkaline phosphatase activity with Mg** 
Rat No. Meal | | Hrs. after meal 
Control® 

0-4 | 4-8 | 8-12 


| 


units per 100 ml. units per 100 ml. units per 100 ml. units per 100 ml. 


19 Fat-free | 37.4 | 14.9 | 43.8 | 55.5 
20 | | 18.5 | 9.4 19.4 | 57.8 
24 | 54.2 ae 51.6 | 73.8 
25 47.8 21.6 50.2 67.5 
26 oe +. fatt 45.0 50.8 78.2 128 
27 47.2 42.0 153 178 
30t 110.6 58.4 223 
32t 62.0 43.6 | 197 
units per hr. units per hr. units perhr. wumils per hr. 
19 Fat-free 0.15 0.12 0.18 0.26 
0) 0.02 0.10 0.11 | 0.22 
24 0.11 0.15 0.19 0.31 
25 0.22 0.23 0.25 | 0.30 
265 os + fat 0.10 | 0.71 0.70 | 0.54 
o7 0.10 0.49 0.69 0.98 
30 0.16 1.34 1.28 1.28 
32 0.17 0.78 0.98 1.11 


— 


*2 hour collection from 22 to 24 hours after operation. 

+ The entire meal was homogenized in the Waring blendor prior to tube feeding, 
in contrast to the procedure used in Table II, when 1 ec. of the corn oil was given 
by stomach tube, followed by 7.5 ec. of the fat-free meal. 

-t Maintained on a fat-free diet for 3 days prior to operation without fasting. All 
others had been on a Friskies diet up to a 24 hour fast prior to the operation. 


fistula ceases to work, the level in the plasma returns toward normal 
values. 

The effect of fat on the level of plasma phosphatase noted in the rats with 
unsatisfactory lymph flow and in the intact rats after tube feeding with and 
without fat is also evident in rats eating ad libitum the fat-free diet or the 
diet of Friskies (4.5 per cent fat) (Table VI). The unfasted rats eating 
Friskies had 79.7 units of plasma alkaline phosphatase and with fasting 
this decreased to low levels in 24 to 48 hours. Unfasted rats eating the 
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fat-free diet had only 18.2 units of this enzyme, and the effect of fasting 
was less. 


TABLE V 


Alkaline Phosphatase Activity 12 Hours after Feeding, and after 32 to 35 Hours of 
Continuous Collection of Intestinal Lymph 


Alkaline phosphatase activity with Mg**, units per 100 ml. 


Meal | Plasma Intestinal lymph 
| Intact rats | Ba hel | Lymph flow continuous 
Fat-free 29.4 44.2 18.8 9.0 55.5 
35.9* 36.8 13. 10.8 57.8 
| 23.4* 23.6 21.1 7.8 73.8 
| 20.8* 31.6 5.8 67.5 
a + fat 57.8 64.8 5.1 | 12 
68.6* 33.9 6.2 178 
50.4* 11.6 255 
66.5* 7.2 232 


* The rats were maintained on the fat-free diet for 3 days prior to the final meal ; 
the others were maintained on the Friskies diet and then fasted 24 hours before opera- 
tion. Thelymph sample was collected from 8 to 12 hours after the meal. The values 
for plasma at the end of this period are shown in the adjacent column. 


TaBLe VI 
Alkaline Phosphatase Activity of Plasma of Normal Rats 


Alkaline phosphatase activity, 
| units per 100 ml. 


Duration Inorganic phosphate, 


No. of rats | Diet | of fasting mg. per 100 ml. tei 
Meg** None 
| Ars. 
10 Friskies | 0 7.3 + 0.2 79.7 + 6.1 
| 2 7.2 + 3.6 20.2 + 3.6 
48 | 642402 | 16.5+41.8 
6*  Fat-free | $6202 | 13.9 + 2.0 
| | 5640.1 11.4 + 1.1 
6° | | 48 §.4+0.3 11.1 + 0.9 


* Two rats in each group had been on the fat-free diet for from 7 to 9 days, others 
from 47 to 58 days. The figures after the + represent the standard error of the 


mean. 


In an attempt to see just how rapidly the enzyme does decrease in the 
plasma, additional rats were studied in which the meal was administered 
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TaBLe VII 


Alkaline Phosphatase Activity of Intestinal Lymph and Plasma after Short Periods 
of Collection 


Alkaline phosphatase activity with Mg**, units per 100 ml. 


Meal | _— | Intestinal lymph 


Intact rats | Sham operation* | Lymph flow continuous 


24 hrs. after operation 


13% fat 46.8 46.8 | 33.5 151 
40.1 35.7 | 24.8 137 
34.0 8.6 188 
39.7 9.5 188 
6 hrs. after operation 
Friskies 
| 19.3 44.8 
| 18.0 73.1 
30.0 67.7 
31.8 92.9 
| 20.0 18.0 
* The operation included dissection of the lymphatics and was fully as extensive 
as the operation in which a cannula was introduced. 
| VIII 
Alkaline Phosphatase Activity of Thoracic Duct Lymph 6 to 6 Hours after Feeding, 
and after 1 to 4 Days of Continuous Collection of Lymph 


| Alkaline phosphatase activity with Mg**, units per 100 ml. 


| Meal | Plasma | Thoracic duct lymph 


ioe, Lymph fow continuous 
13% fat* | 73.6 | 9.7 | 124 
| 24.9 10.2 | 203 
| 69.3 6.2 162 
| 8.0 136 
6.7 152 
Fat-free 5.5 | 43 
3.2 | 48 
7 + fat | 18.7 
18.6 


* The rats were maintained by tube feeding of the 13 per cent fat diet twice daily 
(60 calories total). The lymph sample in|the last column was a 5 or 6 hour specimen. 
The values for plasma phosphatase taken at the end of this period are in the adjacent 
column 
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12 hours after operation and the lymph and plasma were compared 12 
hours after the meal (Table VII). As early as 24 hours after collection of 
lymph had been begun, the units of phosphatase were low in the plasma. 
Another group of rats was operated on without a period of fasting, and the 
lymph was collected for only 6 hours. In these rats the enzyme had de- 
creased in the plasma but not to as low a level as in the rats from which the 
lymph had been collected for a longer period. 

Low levels of alkaline phosphatase were found also in the plasma of 
rats from which the lymph had been collected continuously for 1 to 4 days 
from the thoracic duct (Table VIII). In three rats in which the fistula had 
ceased to function during the experiment higher values for plasma alkaline 
phosphatase were found, two of which approached normal values. 


Comment 


Relatively little is known about the chemical composition of intestinal 
lymph, largely because of the difficulties of collection. However, with the 
technique developed in this laboratory for introducing plastic tubing into 
the intestinal lymphatic trunk, it has become possible to collect such lymph 
continuously for several days from animals which are otherwise normal. 
The alkaline phosphatase of intestinal lymph has been found to decrease 
with fasting but usually not to as low levels as that of the plasma; the 
enzyme increases after feeding to much higher levels than in the plasma. 
The increase occurs after a fat-free meal or the same meal plus fat, but the 
increase may be greater after the latter meal. Previously Weil and Russell 
(2) and Dalgaard (5) have stated that the increase of the level of this 
enzyme in the plasma is obtained in the rat only after a fat meal. The 
quantity of the fat-free meal administered by Weil and Russell was much 
smaller than in our experiments. Gould (7) had found very high levels of 
alkaline phosphatase activity in the plasma of rats maintained on a very 
high fat diet. In our experiments we have found higher values for plasma 
phosphatase in rats receiving fat in addition to the fat-free meal than in 
those receiving the fat-free meal only, but an increase was found after either 
meal. 

The observation of a higher content of alkaline phosphatase in the in- 
testinal lymph than in the plasma shows that the small intestine is a source 
of this enzyme for the plasma. Additional evidence is provided by the 
observation that the content in the plasma decreases to very low levels 
when the flow of lymph from the fistula is continuous and returns toward 
normal levels when the flow of lymph ceases. The finding of low levels of 
alkaline phosphatase in the plasma of rats when all the lymph was col- 
lected from the thoracic duct as well as from the intestinal lymphatics was 
to be expected, since all the intestinal lymph was drained in either case. 
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It appears that alkaline phosphatase is supplied to the plasma from the 
small intestine by way of the lymph in the rat. 


SUMMARY 


The alkaline phosphatase of intestinal lymph of the rat decreases with 
fasting and increases after either a fat-free meal or the same meal plus fat. 
Higher levels of the enzyme may be found after a fat meal, however, in both 
lymph and plasma than after a fat-free meal. The concentration of the 
enzyme in the intestinal or thoracic duct lymph is much greater after. 
feeding than in the plasma of intact rats after feeding. 

The concentration of plasma alkaline phosphatase is greatly reduced 
when all the intestinal lymph is collected continuously either directly or 
through the thoracie duct. It appears that alkaline phosphatase is sup- 
plied tothe plasma from the small intestine by way of the lymph in the rat. 
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ISOLATION OF 17-HYDROXYCORTICOSTERONE FROM 
THE URINE IN A CASE OF CUSHING’S SYNDROME 
ASSOCIATED WITH SEVERE DIABETES MELLITUS 


By HAROLD L. MASON 


(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 


AND RANDALL G. SPRAGUE 


(From the Division of Medicine, Mayo Clinic, Rochester, Minnesota) 
(Received for publication, May 4, 1948) 


Many of the features of Cushing’s syndrome are those that would be 
expected to result from an oversupply of adrenal cortical hormones. 
Indeed, Albright (1) has attributed the development of this syndrome to 
overproduction by the adrenal cortex of the carbohydrate-active hormones 
(S hormone), while Kenyon (2) and Kepler and his associates (3) have ex- 
plained some of the features of the syndrome, including the diabetes, by the 
action of these steroids, and other features by the action of other adrenal 
steroids. Evidence in support of these views has been found in an increased 
excretion of carbohydrate-active material in the urine as measured by 
stimulation of glycogenesis in the liver of the adrenalectomized animal (4), 
and also as measured by less specific chemical methods (5). It was there- 
fore a matter of considerable interest to attempt to isolate the active 
material from the urine when a case of Cushing’s syndrome presented itself 
in Which the associated diabetes mellitus was unusually severe. In this 
case the excretion of corticosteroid-like substances varied between 14 and 
19 mg. (in terms of 1 1-dehydrocorticosterone) per day. ‘The patient, a boy 
14 years of age, Was found at surgical exploration, and later at necropsy, to 
have hyperplastic adrenal cortices.' 

The method for the determination of corticosteroid-like substances was 
based on the procedure of Lowenstein, Corcoran, and Page (6), in which the 
amount of formaldehyde generated by the action of periodic acid is deter- 
mined. The amount of formaldehyde is taken as a measure of the amount 
of the groups —-COCH.OH and --CHOHCH2OH, the former group being 
an essential characteristic of the cortical hormones. In order to avoid 
interference by the steroid residues and impurities the formaldehyde was 
distilled prior to the colorimetric procedure. 

The urine was collected daily, acidified to pH 1, and extracted with 
chloroform after standing | to 3 days at room temperature. ‘The extracts 
were pooled and worked up when enough had been accumulated. It was 


' A report of this case, including metabolic studies, will be presented elsewhere. 
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decided to use the method of solvent partition that had been used success- 
fully for the isolation of hormones from extracts of the adrenal cortex (7). 
To this end the chloroform was removed, the residue was taken up in 
benzene, and the benzene solution was extracted fifteen times with an equal 
volume of water. The combined aqueous extracts were concentrated to 
about 250 ml. and extracted with chloroform. Concentration of the 
chloroform solution to a small volume led to separation of crystals which 
were filtered out and thoroughly washed with chloroform. A total of 292 


CH20H 


‘Ac 20 
Pyridine 


CH200CCH3 CH200CCH3 


CHOH 
On 


mg. of crude crystals was thus obtained from a 25 day collection of urime 
and this crude material yielded 191 mg. of purified 17-hydroxyvecort icosterone 
(1).2. This amount of purified hormone corresponds to an average of 7.6 
mg. per day. 

The crude crystals melted at 200-205°. After crystallization from 
absolute alcohol the melting point was 213-215° and fa]? = 4+167° 4 3°. 
The melting point was not changed by successive crystallizations trom 
acetone and methanol. These properties, together with the formation of a 
red 2.4-dinitrophenylhydrazone, the development of a vellow-green fluo- 
rescence on treatment with concentrated sulfuric acid, and th> prompt 


? The roman numerals refer to the structural formulas in the figure 
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reduction of alkaline silver in the cold, suggested the likelihood that the 
substance was 17-hydroxycorticosterone (8-10). Examination of the 
absorption in the ultraviolet with a Beckman spectrophotometer revealed 
an absorption maximum at 242 my (e = 15,800) which is characteristic of 
an a,8-unsaturated ketone group. ‘The structure of the compound was 
firmly established by oxidation to adrenosterone (11) (8, 9) and by oxidation 
of the acetate (II1) to 17-hydroxy-11-dehydrocorticosterone acetate (1V) 
(10). 

The only other structures that would possibly give one or more of these 
results are Reichstein’s (11) Substances EF (V) and U (VI). Both have the 
a,3-unsaturated ketone group and both would yield adrenosterone on 
oxidation with chromic acid. The former compound, however, melts at 
126-127° and [a], = +87°. ‘The properties of Substance U more nearly 
agree With those of the urinary compound. It melts at 208° and [a]?! = 
+178.5° (acetone). It is excluded from further consideration, however, by 
the fact that it forms the 20,21l-diacetate (m.p. 252-253°) under the con- 
ditions used for acetylation of the urinary compound. ‘This diacetate 
would not be susceptible to oxidation to 17-hydroxy-11-dehydrocorticos- 
terone acetate. Indeed, Reichstein and von Euw (11) converted the 
diacetate of Substance Fk to the diacetate of Substance U by oxidation with 
chromic acid. Substances ki and U are further excluded by their failure to 
reduce alkaline silver solution at room temperature. 

Dr. Dd. J. Ingle kindly consented to assay the compound by his muscle- 
work test and reported that it contained 9.66 units per mg. Dr. Ingle 
stated that this value is within 15 per cent of the value recently obtained in 
his laboratory for 17-hydroxycorticosterone. 

The isolation of appreciable quantities of 17-hvdroxyvecorticosterone from 
the urine in this case is in accord with the view that at least some of the 
manifestations of Cushing’s syndrome arc primarily the result of an over- 
production of those adrenal cortical hormones which are active in carbo- 
hydrate metabolism. Although there is no way of estimating the amount 
of 17-hydroxyeorticostcrone that was produced by the hyperplastic adrenal 
cortices it seems probable that the amount excreted in the urine could not 
have been more than LO per cent of the amount produced, and very likely 
was much less. This estimate is based on the low recovery of corticos- 
teroids in the urine when 11l-dehydrocorticosterone and 17-hvdroxy 1I1- 
dehyvdrocorticosterone were given to human subjects (12). 

The presence in this case of severe diabetes which was refractory to 
insulin appeared to be analogous to the insulin-resistant hyperglycemia and 
glveosuria induced by Ingle, Sheppard, Evans, and Kuizenga (13) in rats by 
administration of 17-hydroxycorticosterone and 17-hydroxy-11-dehyvdro- 
corticosterone. 
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EXPERIMENTAL 


Extraction and Isolation—The urine was collected in periods of 24 hours. 
The volume of urine excreted during 24 hours was between 3 and 4 liters. 
After removal of a small aliquot for various determinations the remainder 
was acidified to pH 1 with concentrated HCl and allowed to stand 1 to 3 
days at room temperature. It was then extracted four times with 0.15 
volume of chloroform that had been distilled over KeCQO,. ‘The combined 
chloroform extracts were concentrated under reduced pressure and at a 
bath temperature of 50° to 20 to 30 ml. Several such extracts were com- 
bined, diluted to 100 to 200 ml. with chloroform, washed three times with 
10 ml. of cold 0.1 ~ NaOH for each 100 ml. of chloroform solution, and 
then washed three times with a volume of water equal to that of the NaOH. 
The chloroform was distilled under reduced pressure at a bath tempera- 
ture of 50°.) ‘The residues were pooled in a little wet chloroform and stored 
in the refrigerator. 

The pool of material obtained during a 16 day period was evaporated to 
dryness under the conditions just described and the residue was extracted 
with successive portions of redistilled thiophene-free benzene until 100 mi. 
of benzene had been used. The residue that did not dissolve readily in 
henzene Was dissolved in 3 ml. of alcohol and this solution was added to the 
benzene solution. The benzene solution was shaken thoroughly fifteen 
times with 100 ml. portions of water. When 500 ml. of aqueous extract 
had been accumulated, it was washed once with 25 ml. of benzene which 
were added to the main benzene solution. This procedure was repeated 
with the second and third 500 ml. accumulations of aqueous extract as they 
were obtained. The benzene residue was put aside in the refrigerator for 
further examination. The combined aqueous extracts were concentrated 
under reduced pressure in a bath kept at 40° to approximately 250 mi. 
This solution was extracted three times with 50 ml. of chloroform. The 
extract was filtered and concentrated under reduced pressure to approxi- 
mately 3 ml. Crystals soon began to separate. After refrigeration for 2 
hours the mixture was filtered and the erystals were thoroughly washed with 
chloroform, which removed almost all of the color. The crystals weighed 
IST mg. and melted at 200-205°. A second pool of extracts covering a 
period of 9 days was treated similarly and yielded 105 mg. of crystals, which 
melted at 202- 205°. 

The crude crystals were recrystallized successively from absolute alcohol, 
acetone, and methanol. The melting point after crystallization from 

absolute alcohol was 213-215° and was not changed by recrystallization 
from acetone and then from methanol. The 292 mg. of crude crystals 
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yielded 191 mg. of recrystallized material. The material that was re- 
crystallized from methanol was prepared for analysis. 


(»H»O,. Calculated, C 69.57, H 8.35; found, C 69.81, H 8.49 


A tew crystals of the isolated material developed a yellow-green fluo- 
rescence When treated with a drop of concentrated sulfuric acid. A red 
dinitrophenylhydrazone precipitated when a small amount of material in 
0.5 ml. of alcohol was treated with 0.5 ml. of a solution of 2,4-dinitro- 
phenvihydrazine in 2 N HCI (Brady’s reagent). 

For determination of the specific rotation 14.7 mg. of substance were 


dissolved in 5.0 ml. of 95 per cent alcohol: [aJ?? = +167° + 3°. Reich- 
stein (9) observed [a] = +167.2° + 2° (c = 1.029 in absolute alcohol). 


lor examination of the ultraviolet absorption 1.253 mg. were dissolved 
in 95 per cent alcohol and the solution was made up to 100 ml. Measure- 
ments were made with a Beckman spectrophotometer. An absorption 
maximum Was observed at 242 mu: £,.,, = 0.548 ande = 15,800 (loge = 
4.2). 

Preparation of Acetate’ -\ solution of 24.6 mg. of material in 10 drops of 
pyridine and 3 drops of acetic anhydride was allowed to stand 24 hours at 
room temperature. Water and HCl were then added and the precipitate 
was collected on a filter and washed with water. It was dissolved in hot 
methanol, the solution was filtered, concentrated to about I ml., and cooled. 
The first crop of crystals melted at 218 219°. Reerystallization from 
acetone did not change the melting point. Combination with the second 
and third crops from the first methanol solution and recrystallization from 
this solvent gave 19 mg. of large crvstals which melted at 219-220°. 


(‘aleulated, C 68.290. 11 7.99. found. C 68.09, TE S.32 


Oxrculation 1? -Hydroxycorticosts rone to Adrenosterone A solution ot 
15.0 mg. (0.0414 mm) of the steroid in 1.5 ml. of glacial acetic acid was 
treated with 0.55 ml. of 0.902 ~ chromic acid in 90 per cent acetic acid 
(12 & 0.0414 milliequivalent). Addition of the chromic acid gave a 
brown, amorphous precipitate which slowly disappeared on = standing. 
After 20 hours a few drops of methanol were added to destroy any excess 
chromic acid; then water was added, and the mixture was extracted three 
times with ethyl acetate. The extract was washed with sodium carbonate 
solution and water, dried over NasSO,, and evaporated to dryness. The 
residue was taken up in a little methanol and dry ether was added. A 
gelatinous precipitate was centrifuged out and discarded. ‘The solution 
Was evaporated to dryness and the residue was crystallized from dry ether. 
The first crop weighed 3.6 mg. and melted at 217-219°.) A mixture with 
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an authentic specimen of adrenosterone (m.p. 218-220°) melted at 217-219°. 
In 95 per cent alcohol [a]?° = +270° + 8° (c = 0.1183). Reichstein (14) 
observed for adrenosterone (Substance G) [a], = +262°. 

Oxidation of 17-Hydroxycorticosterone Acetate to 17-Hydroxy-11-dehydro- 
corticosterone Acetate—The acetate (9 mg. ; 0.0223 mm) was dissolved in 0.5 ml. 
of acetic acid, and 0.0669 milliequivalent of chromic acid in 90 per cent acetic 
acid was added. After 22 hours at room temperature water was added and 
the mixture was extracted with ethyl acetate. The extract was washed 
with sodium carbonate solution and water, dried, and evaporated. The 
residue was crystallized from acetone and gave two crops of 4.0 and 2.2 mg. 
which melted at 239-240° and 238-240°, respectively. A mixture of the 
first crop with an authentic specimen of 17-hydroxy-11-dehydrocorticos- 
terone acetate (m.p. 239-240°) melted at 239-240". 


SUMMARY 


17-Hydroxycorticosterone has been isolated from the urine in a case of 
Cushing’s syndrome associated with severe diabetes mellitus. From a 25 
day collection of urine 191 mg. of purified hormone were obtained. 
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The concentrations of many of the vitamins or their natural derivatives 
in blood serum and cells reflect the relatively recent intake of the particular 
dietary essential (e.g., ascorbic acid). Such a relationship between blood 
level and intake has led to the usefulness of chemical analytical methods for 
the evaluation of nutritional status. However, there is, at present, insuffi- 
cient information available to indicate whether or not measurements of the 
blood levels of riboflavin in any of its forms would be helpful in this way. 
This paucity of data on riboflavin blood levels is primarily attributable to 
the lack of satisfactory analytical methods. Results with microbiological 
methods (1-3) have been somewhat discordant, apparently because of the 
difficulty of measuring the low concentrations of the vitamin in the presence 
of persistent substances in blood extracts which may enhance or inhibit 
bacterial growth. ‘The microbiological methods also fail to differentiate 
between riboflavin and its derivatives. By a manometric technique (4, 5), 
the flavin-adenine-dinucleotide has been measured in red cells and plasma. 
This procedure requires so much material and labor as to appear imprac- 
ticable for wide usage. 

The recent development of a very sensitive fluorometer (6) now makes 
possible methods which are simple, rapid, and reproducible to 3 to 5 per 
eent, and by which riboflavin can be differentiated from its natural deriva- 
tives. With this instrument the fluorescence of as little as 0.2 my of 
riboflavin in volumes of 0.5 ml. is readily measurable. 

Methods will be described for determining (1) both free and total 
riboflavin in 50 ¢.mm. of blood serum (25 ¢.mm. for total alone), (2) 
the free riboflavin, flavin-mono- and dinucleotide as separate fractions in 
0.2 ml. of serum, (3) the total riboflavin in 20 ¢.mm. of red cells or whole 
blood, and (4) the total riboflavin in white cells and platelets from 0.1 ml. 


* Aided by a grant from the Nutrition Foundation, Inc. 

t Present address, Department of Chemistry, Columbia University, New York. 

t Present address, Department of Biological Chemistry, University of [linois 
College of Medicine, Chicago. 

§ Present address, Department of Pharmacology, Washington University School 
of Medicine, St. Louis. 
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of blood. [lustrative data include the influence of riboflavin intake on 
blood levels in the rat, some values for riboflavin concentration in sup- 
posedly normal human serum, red blood cells, and white blood cells, and » 
preliminary study of the effects of large doses and short periods of depriva- 
tion of riboflavin on the serum riboflavin of a few human subjects. 


EXPERIMENTAL 


Principles of Methods The differentiation of the flavin compounds de 
pends upon the following properties which will be fully discussed elsew heres! 
(1) At neutrality, on «a molar basis, riboflavin and riboflavin monophos 
phate (flavin-mononucleotide (FMN)) exhibit: the same fluorescence, 
whereas. flavin-adenine-dinucleotide (FAD) is only about 14 per cent as 
fluorescent under the conditions of analysis. (2) Riboflavin is much more 
readily extracted by benzyl alcohol from aqueous solution than is either 
FMN or FAD. (3) FAD is completely hydrolyzed to FMIN in 5 per cont 
trichloroacetic acid in 20 hours at 37°. 

Materials 

I. Microphotofluorometer fitted with special adapter and tubes as de 
scribed elsewhere (6) (Parrand Optical Company, Ine., Bronx Poulevard 
and East 238th Street, New York 66). The commercial instrument re 
quires slightly larger volumes than those used in the present work. The 
minimum fluid volume required for the particular instrument and cuvettes 
used should be determined and the corresponding changes made in specimen 
and reagent volumes. 

2. Serological tubes, 6 & 50 mm. (Kimble, No. 45000). 

3. Pyrex test-tubes, 3 and 8 ml. capacity. 

4. Constricition pipettes 5, 20, 25, 50, 100, 110, 200. 4000 and Soo 
¢.mm. (7). 

5. Syringe pipette set for I ml. volume (Mr. Herman Ruf, 5023 102nd 
Street, Flushing, Long Island, New York). 

6. Pipettes and other equipment described for phosphorus analysis of 
white blood cells (8). 

7. Wide tipped constriction pipette calibrated to contain 20 ¢omm. of red 
blood cells. 

8. Trichloroacetic acid, 100 gm. of redistilled acid diluted to 100 ml 
From this, 5, 10, and 13 per cent solutions are prepared. 
9. 0.16, 2.4, and 4M KLHPO, solutions. 

10. Benzyl alcohol, c.v., redistilled, and saturated with water. 

11. Chloroform, c.p., redistilled, and saturated with water. 

12. Riboflavin standard solutions, 0.2 to 1.6 y per ml. in O.OL ~ EECI. 


' Lowry, O. H., Bessey, O. A., and Love, R. IL, in preparation. 
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Although these dilute solutions appear to keep well protected by black cloth 
in the cold, it is perhaps advisable to prepare them frequently from a 
stronger stock solution, @.e., 20 y per ml. in 0.01 N HCl. 

‘13. Sodium hydrosulfite (NasS8eO,). 0.5 gm. dissolved within 30 minutes 
of use in 5 ml. of 5 per cent sodium bicarbonate. This reagent is prefer- 
ably kept in a tube in ice water to delay oxidation by the air. 

14. Fluoresccin secondary standards approximately equivalent in fluor- 
escence to 1, 2, and 4 my of riboflavin per ml. 

15. Reagents as needed for phosphorus determination in white blood 
cells (S). 

16. Potassium oxalate, 1.6 per cent freshly diluted from 8 per cent solu- 
tion kept in the refrigerator. 

17. NaCl, | per cent solution. 

Because of the small fluorescence measured, reagents must be sufficiently 
pure, and equipment sufficiently clean so as not to contribute more than a 
trace of fluorescence to the sample. Cilass-redistilled H.O is used in making 
all reagents. All tubes are cleaned by boiling first in half concentrated 
HNO, and then, after thorough rimsing, in distilled H.O. 

Since the mboflavin in the neutralized extract is quite sensitive to blue 
light, it is desirable to work with such extracts in a darkened room equipped 
with red lamps. Tubes are kept covered whenever possible to prevent 
contamination. 

Some of the reagents listed are not required for certain of the determina- 
tions. 


Procedure 


Determination of Free Riboflavin and Total Riboflavin in Serum—50 e.mm. 
of serum are well mixed with 1.0 ml. of 5 per cent trichloroacetic acid at 
ina Sank. tube, allowed to stand at O- 5° for 15 minutes, and centrifuged 
in cold cups at O-= 5° for 10 minutes. O.4 ml. of the supernatant is trans- 
ferred to each of two fluorometer tubes, the first of which contains 0.1 ml. 
of 24 KAHPO,. The remaining sample is reserved for the determination 
of total riboflavin as deseribed below. ‘The apparent riboflavin content 
(A) of the tube containing the neutralized extract is measured in the micro- 
photofluorometer within | to 2 hours of neutralization. Meanwhile, care 
is taken to keep the tube in the dark. ‘The tube is carefully wiped with a 
slightly damp cloth and three readings are made with the same instrument 
setting against fluorescein: an initial reading, /;, a second reading, Re, after 
the addition of an internal mboflavin standard (5 ¢.mm. equivalent to 1 
my of riboflavin), and a reduced reading, Rs, after the addition of 5 ¢.mm. 
of sodium hydrosulfite solution (‘Materials,”’ item (6)). Complete blank 
determinations are also made on reagents, usually in tripheate. A reading 
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on a tube containing redistilled water is made as a measure of the contribu- 
tion from scattered light and possible fluorescence of the tube itself. 

For measuring the total riboflavin of the filtrate, the fluorometer tube 
containing the second sample is stoppered with a clean paraffined cork or 
very clean dust-free rubber stopper and is allowed to hydrolyze in the dark 
at 37° for 20 hours, usually overnight. It is then neutralized with 0.1 mi. 
of 2.4 mM IWellPO, and its apparent riboflavin content (8) is measured as 
above. Great care is taken to mix all solutions thoroughly and to keep the 
lower portion of the tube free from finger-marks and dust. It carefully 
calibrated fluorometer tubes are used, it is unnecessary to Use an internal 
standard with more than a few samples, since litth: or. no quenching has 
been observed with these serum filtrates. 

(‘alculation—-Vhe readings R. and Ry, are corrected tor the dilution result- 
ing from the addition of internal standard and reducing agent, and may be 
designated R’, and R&R’. (he reading for redistilled water is subtracted 
from the sample readings before correcting for dilution, since the contribu- 
tion from scattered light would not be affected by dilution. } 


Micrograms riboflavin added = R, — 
X = micrograms‘; riboflavin 
serum in aliquot Ro — 
Appropriate correction is made in the above figure for blanks which have 
been treated and calculated in the same manner as the samples. 
Since under the conditions of measurement FAI), before hydrolysis, is 
14 per cent as fluorescent as riboflavin, then 


B-. 
FAI = 


and 
Free riboflavin (4+-FMN) = 1 — O.14FAD = 1.1634 — 


(Ordinarily, very little FMIN has been found present in serum. ) 

If the determination of total riboflavin only is desired, 25 ¢.mm. of serum 
are sufficient. The serum is precipitated with 0.5 ml. of 5 per cent tri- 
chloroacetic acid at room temperature and may be allowed to stand 30 
minutes to an hour before centrifuging. A O.4 ml. aliquot is hydrolyzed 
and measured as above. Prolonged contact of the protein precipitate with 
the trichloroacetic acid should be avoiidel as being likely to increase the 
blank reading. 

Determination of Free Riboflavin, MN, andkFAD- A serum filtrate is pre- 
pared at 0-5°, as described above, from V0.2 ml. of serum and 2.0 ml. of 5 
per cent trichloroacetic acid in an 8 ml. tube. After centrifuging, 1.0 ml. 
of the supernatant is transferred into a 3 ml. tube containing 0.25 ml. of 
2.4 mM KeHPO, and mixed at once. The free riboflavin plus FMN is meas- 
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ured on a 0.5 ml. aliquot of this sample (4). ‘The total riboflavin is meas- 
ured on a 0.4 mi. aliquot of the remaining supernatant acid extract (B) as 
described above. ‘lo 0.75 ml. of the remaining neutral extract, 2 ml. of 
benzyl alcohol saturated with water are added. Thorough extraction of 
free riboflavin is accomplished by vigorously agitating the covered tube 
with a device such as that previously described (9) or by very thorough 
tapping. After centrifuging 5 minutes at 3000 R.p.M., the benzyl alcohol 
laver is drawn off as completely as possible by suction. The aqueous layer 
is then extracted with | ml. of chloroform saturated with water and centri- 
fuged. (The chloroform extraction removes the last of the benzyl alcohol 
and clarifies the aqueous phase.) A 0.5 ml. aliquot of the (upper) aqueous 
laver is transferred to a fluorometer tube and the apparent riboflavin (C) 
is measured as before. 

(‘alculation—-TVhe distribution coefficients for riboflavin, FMN, and FAD 
between benzyl alcohol and the neutralized trichloroacetic acid extract are 
3.8, 0.02, and 0.01 respectively. Thus, when 0.75 ml. of the sample is 
extracted with 2 ml. of benzyl alcohol, the free riboflavin extracted = 100 
Kx GS K 2)/(0.75 + GBS & 2)) = OL per cent, leaving 9 per cent in the 
aqueous phase. Similarly, it may be calculated that 96 per cent FMN and 
OS per cent FAD will be left behind after the benzyl alcohol extraction. 
The FAD left will, as before, show only 14 per cent as much fluorescence 
as an equivalent amount of riboflavin. Therefore, if 1, B, and C are equal 
to the apparent riboflavin in the three samples above, A = free riboflavin 
+ FMN + O.14FAD, B = total riboflavin, and C = 0.09 free riboflavin 
+ OD6FMN + O.14FAD. 

From these equations it may be readily calculated that 


B-—A 
FAD ry 
(2) Free riboflavin = 110A — 1.150 +- 0.007B 


For most purposes the extracted F-MN is negligible, in which case free ribo- 
flavin = 1.1001 — ©), 
(3) P\MIN = B— FAD — free riboflavin 


Determination of Total Riboflavin in Red and White Blood Cells 


Isolation of Blood Cells The method of isolation of white blood cells 
and platelets by differential centrifugation from 0.1 ml. of blood has been 
deseribed (8). The red blood cells which remain after removal of the white 
cell suspension are sufficient for red cell analysis. The supernatant solu- 
tion remaining after the white cells are drawn off, together with the upper 
portion of the red cell laver, is discarded. The remaining red cells are 
packed by centrifuging at 1 for an hour. Any supernatant liquid is re- 
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moved and an aliquot of red cells is taken with a dry, rather wide tipped 
constriction pipette, calibrated to contain 20 ¢c.mm. ‘This is rinsed into |] 
ml. of | percent NaCl. The suspension may be stored frozen if immediate 
analysis is Inconvenient. 

Analysis of White Blood Cells and Platelets. Riboflavin Measurement— 
The white blood cells from 0.1 ml. of blood are distributed evenly by vigor- 
ous agitation of the small tube and deproteinized by mixing thoroughly 
with 0.11 ml. of 5 per cent trichloroacetic acid. The sample is allowed to 
stand at room temperature for 30 minutes to | hour and mixed again. — Af- 
ter centrifuging at 3000 R.p.m. for 10 minutes, 0.1 ml. of the supernatant 
fluid is transferred to a fluorometer tube and allowed to hydrolyze at 37°. 
The residue and remaining supernatant fluid are reserved for phosphorus 
determination, on which the weight of white cells and platelets is based. 

The hydrolyzed filtrate is mixed with 0.4 ml. of 0.16 Mm KeHPO, and the 
riboflavin is measured as described for serum. Blanks are provided by 
treating 0.1 ml. aliquots of 5 per cent trichloroacetic acid in the same man- 
ner as the white cell filtrate. 

Measurement of Acid-Insoluble Phosphorus—TVhe acid-insoluble phos- 
phorus is measured as previously described (8), except for a simplification 
made possible because of the more dilute filtrate. Instead of washing the 
precipitate to remove acid-soluble phosphorus, the 10 ¢.mm. of acid solu- 
tion which remain with the precipitate are included in the phosphorus analy- 
sis. ‘To reduce the volume of fluid that needs to be evaporated, 20 ¢.mm. 
of 7 N H.2SO, may be conveniently substituted for the larger volume of 4.5 
N acid previously recommended for digestion. Digestion of the sample, 
color development, and measurement of the absorption at 690 my are car- 
ried out as deseribed (8). 

Calculation—The sample analyzed for phosphorus contains all of the 
acid-insoluble P and, because of the 10 ¢.mm. of acid extract not removed, 
9 per cent of the acid-soluble P. Since white cells contain an average of 
33 micromoles of acid-insoluble P and 28 micromoles of acid-soluble P per 
gm. (8), the sample contains 33 + 0.09 K 28 = 35.5 micromoles of I per 
gm. of white cells in the sample. Therefore, the micrograms of riboflavin 
per 35.5 micromoles of P found are numerically equal to the micrograms of 
riboflavin per gm. of white cells, or 

micrograms riboflavin in entire sample 


(1) Micrograms © riboflavin = x 100 & 35.5 
micromoles P found 


Since the riboflavin in the entire sample = riboflavin found & 110) 100 


| micrograms riboflavin found 

(2) Micrograms “% riboflavin = xX 100 35.5 x — 

micromoles P found 100 
millimicrograms riboflavin found 


(3) Micrograms © riboflavin = ~ 39 


micromoles P found 
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Analysis of Red Blood Cells—The red blood cell suspension (20 ¢.mm. in 
1 ml. of saline) is well mixed with 3 ml. of 13 per cent trichloroacetic acid 
and allowed to stand 30 to 60 minutes, mixed again, and centrifuged 10 
minutes at 3000 R.p.M. The supernatant liquid, which must be clear, is 
allowed to hydrolyze at 37°. Aliquots of 0.4 ml. are pipetted into fluorome- 
ter tubes containing 0.1 ml. of 4m KeHPO,. The reducible fluorescence is 
measured as described above. The reduced readings must be made 
promptly after the addition of hydrosulfite, as there is a tendency for partial 
reoxidation of the sample. 

Determination of Total Riboflavin in Whole Blood— Total riboflavin may 
be determined in whole blood in the same manner as In red cells, except 
that a less dilute extract is prepared. 20 ¢.mm. of blood are delivered into 
2.0 ml. of 10 per cent trichloroacetic acid. (For accuracy the pipette used 
is calibrated with blood. It is rinsed with dilute ammonia and dried with 
acetone between samples.) ‘The mixture is shaken promptly to prevent 
clumping of the precipitate. The rest of the analysis is performed exactly 
as with red cells. In both cases, it is important that the acid extract does 
not remain in contact with the protein precipitate for much over an hour 
at room temperature, or 2 to 3 hours at 4°. 

Recovery of Riboflavin and Flavin-Adenine-Dinucleotide—Riboflavin and 
FAD were added to human whole blood, serum, and red and white blood 
cells prior to trichloroacetic acid precipitation. Filtrates were prepared, 
hydrolyzed, and analyzed, at least in triplicate, by the proposed procedures 
(Table 1). Quantitative recovery was obtained. Similar recoveries have 
been obtained from rat blood, serum, and cells. Recovery, however, was 
not complete with lower dilutions than those recommended; v7z., 1: 100 for 
whole blood, 1:20 for serum, and 1:200 for red cells. In fact, even at 
1:200, recovery was found to be incomplete for red cells if 5 per cent tri- 
chloroacetic acid was substituted for 10 per cent. 

Blood Level and Reproduciinility of Analyses—The riboflavin content of 
serum, white blood cells plus platelets, and red blood cells from small 
groups of adult human subjects thought to be well nourished is summarized 
in Tables I] and IJI. The average free riboflavin plus FMN in serum is 
0.8 y per cent, and total riboflavin is 3.2 y per cent, with ranges of 0.3 to 
1.3 and 2.6 to 3.7 y per cent, respectively. A difference in individuals 
either as to nutritional level or other factors seems primarily responsible 
for this rather wide variation, since the methods of analysis are quite re- 
producible as shown by an estimated standard deviation for the series of 
0.07 y per cent for both the (free + FMN) and FAD. (Estimated stand- 
ard deviation = A? N), where A = the difference between du- 
plicate analyses and .V = the number of sera analyzed. This statistic is 
equivalent to the true standard deviation that should result from N repli- 
eate analyses of one serum. ) 
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In a series of twenty-six duplicate determinations of total riboflavin in 
serum, the estimated standard deviation was found to be 0.08 y per cent. 


TaBLe I 
Recovery of Riboflavin and FAD from Human Serum, Whole Blood, and 
Red and White Blood Cells 


| Total Total 


Sample | riboflavin | Substance added | aes | riboflavin | Recovery 
(initial) | foundt | 

 'Y per cent © y per cent | y per cent | per cent 
Serum go] RAD 13.7 | 17.6 | 100 
ip | 4.2 | Riboflavin 20.3 | 24.1 QS 
White blood cells | 262 FAD | 381 «649 101 
22 | Riboflavin | 546 812 102 
Red blood cells | 24.3 | FAD | 94.8 | 119.4 | 101 


Whole blood 40.6 | 53.4 | 102 


* Calculated as riboflavin equivalent. 
t Average of triplicate analyses. 


TaBLeE II 
Riboflavin Content of Serum from Well Nourished Adults* 
The values are recorded as micrograms per cent of riboflavin. 


Test subject No. Free + FMNt | FAD? Total 

1 0.7 3.0 3.4 

2 0.9 2.5 3.4 

3 2.5 3.4 

4 0.7 2.8 

5 0.9 2.4 3.3 

6 0.8 2.1 2.9 

7 0.9 2.6 3.5 

8 : 0.5 2.8 3.3 

9 | 0.3 2.4 2.7 

10 0.8 1.8 2.6 

ll 0.4 | 2.3 

12 | 1.3 | 2.2 3.5 

13 0.8 1.8 2.6 
0.8 2.4 3.2 

8-3 .0 2.6-3.7 


0.3-1.3 


* Riboflavin intake thought to be liberal by present nutritional standards. 
+t Average of duplicate analyses. 


The average total riboflavin content of white blood cells plus platelets, 
and of red blood cells from twelve adults was found to be 252 and 22.4 ¥ 
per cent respectively, with ranges of 227 to 293 and 18.0 to 26.2 y per cent 
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(Table If). The mean of the twelve standard deviations caleulated on 
three to five samples from each individual was 11 y per cent for white cells 
and 1.3 y per cent for red cells. 

Comparison of the analyses of the upper butfy layers of several specimens 
containing platelets predominantly with the corresponding layers contain- 
ing lencocytes predominantly has indicated no difference in the riboflavin 
content of these fractions of the white cell layers. 

Stability of Samples —Whole blood samples may be kept as collected at 
{° for 18 hours in the dark without measurable change in the concentration 


Riboflavin Content of White Blood Cells and Platelets, and of Red Blood Cells 
from Well Nourished* Adults 


4 
The values are recorded as micrograms per cent of riboflavin. 


Test subject No. White blood cellst Red blood cellist 


226 IS.S 

2 243 IS.0 

3 236 26.2 

{ 26 | 21.3 

245 22.8 

264 25.0 

7 247 25.2 

‘ 293 19.8 

q 253 20.8 

10 246 21.3 

1] 242 26.0 

12 262 24.3 

Average 252 22.4 
Range 227-293 18 .0-26.2 


tiboflavin intake thought to be liberal by present nutritional standards. 
+ Averages of three*fo five replicate analyses 


of riboflavin compounds in the serum when it is finally separated. Serum 
and white and red cells may be stored at —40° for periods of several months 
without change in the riboflavin content, and, in the case of serum, without 
change in the proportions of riboflavin, FMIN, and FAD. 

When FAD is added to serum at room temperature, about 80 per cent 
of it is hydrolyzed in | hour. However, under similar conditions, hydroly- 
sis of the FAD originally present in serum is not detectable after many 
hours. This would indicate the presence of an enzyme in serum which is 
capable of splitting uncombined FAD, but which is inactive toward FAD 
combined with protein. FAD is hydrolyzed in 5 per cent trichloroacetic 
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acid at the rate of about 5 per cent per hour at 0’, 12 per cent per hour at 
15°, and 52 per cent at 38°, which indicates the need for prompt neutraliza- 
tion of extracts to be used for FAD analysis. 

Preliminary experiments on the hydrolysis of riboflavin derivatives 
(PAD) extracted by trichloroacetic acid from serum indicate the possibility 
of replacing the long acid hydrolysis by enzymatic hydrolysis as an analyti- 
eal convenience. An enzyme concentrate prepared from potato was used? 
Similar rates of hydrolysis were obtained with a purified yeast FAD and 


with a serum extract. Approximately the same FAD values were obtained 


TaBLe IV 


Riboflavin in Blood Serum, Red Cells, and White Cells of Rats on 
Various Daily Intakes of Riboflavin 


White Red blood 


Ribo- | No.| Growth | blood cells cells 
indiet | rats Free FMN FAD Total | Total | Total PRES 
riboflavin riboflavin riboflavin riboflavin riboflavin riboflavin 
og y percent vy percent vy percent vy per cenit vy percent vy per cent 
6 1.88 0.23 1.18 1.55 107 9.6 0.18 (2) 
+0.22+ +0.11 +0.07 | 40.13 +0.09 +7 +0.4 | 
1.0 7 2.67 0.28 0.19; 1.32 1.78 125 10.8 | O.14 45) 
+0.14 +0.07 +0.05 3+0.05 +0.05 +4 +0.8 
0.54 0.22 | 1.36 2.12 142 12.1; 0.20 (5) 
+0.14 +0.05 +40.07 +0.10) +6 +0.9 
2.01 7 3.69 0.82' 0.388; 1.38] 2.58; 134 12.5 0.16 (5) 
0.27 | 40.22 40.06 +0.06 +0.26 +3 | +0.8 | 
3.0) 7! 4.53 1.59 0.23 | 1.44; 3.27 162 13.6 | 0.75 (4) 
+0.35 +0.08 +0.05 +0.09  +0.18 +8 +0.9 | 
10.0 | 8 4.29, 3.79 0.36 1.66 5.82 164 15.6 13.8 (4) 
| +0.30 | +0.22 +0.05 | 40.16 | 40.23 +2 | +0.8 


— 


* The creatinine output was approximately 0.8 mg. per day per rat, or 4.0 mg. 
per kiloof rat. The figures in parentheses denote the number of rats on which urine 


analyses were performed. 
+ Standard error of the mean. 


by both acid and enzymatic hydrolysis, which increases confidence in the 
specificity of the proposed procedure. 
Illustrative Data 


Relation between Riboflavin Intake and Blood Levels in Rats—The blood 
of rats receiving diets containing 0.5, 1.0, 1.5, 2.0, 3.0, and 10.0 y of ribo- 
flavin per gm. of diet was analyzed for riboflavin (Table IV). The growth 
of these rats was improved by successive addition of riboflavin in the diet 


? Lowry, O. H., Bessey, O. A., and Love, R. H., in preparation. 
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up to the 3.0 y per gm. level. Determinations of free riboflavin, FMN, and 
FAD were made in duplicate on serum samples. ‘Total riboflavin was meas- 
ured in white and red blood cells. 

The free riboflavin in the serum of rats on the lowest intake level was 
negligible and increased progressively with each successive increase in the 
riboflavin of the diet. A marked increase was observed at the highest two 
levels of intake. In all groups the serum F ALIN found was very low and 
was not demonstrably affected by the diet. The FAD in the serum in- 
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0 1 2 3, 4 
Days on low riboflavin intake 


kia. 1. Serum concentration and urinary excretion of riboflavin of three well 
nourished human subjects maintained on a low riboflavin diet for 4 days. 


creased about 40 per cent from the lowest to the highest intake; ¢.e., much 
less than the free riboflavin. Therefore, the changes in the total riboflavin 
values reflect primarily the changes in the free riboflavin. The group re- 
ceiving 10.0 y of riboflavin per gm. of diet had nearlv 4 times the total serum 
riboflavin content of the most deficient group. 

The total riboflavin of the white and red cells increased 50 and 60 per 
cent respectively as the amount of the vitamin in the diet was increased. 
A comparison of the growth rate in these rats with the blood riboflavin 


1 
7 
i” 

t 
y 


468 HIBOFLAVIN IN BLOOD 


> 
& 
2 3 4 
| 
300 


Kiboflavin excretion 
¥ per hour 


2° 


0 ] 2 3 4 5 


Hours after test dose 


hic. 2. Serum concentration and urimary exeretion of riboflavin of three human 
subjects following ingestion of 2 mg. of riboflavin. 


values (Fable IV) suggests possible diagnostic value for the riboflavin 
measurements. The relation between the serum values and the urinary 
excretion is of interest.” 


"The rat urine was analyzed as follows: 50 ¢.mm. of urine buffered with 5 e.mm. 
of 3.25 M sodium acetate-acetic acid (pH 4.6) were oxidized with 10 ¢.mm. of 4 per cent 
KAInO, for ] minute. Oxidation was stopped by the addition of 2 ¢.mm. of 30 per 
cent HeOs. 50 mg. of (NH4g)oSO, (previously washed with 95 per cent alcohol and 
ether to remove fluorescent substances) and 40 e.mm. of benzyl alcohol saturated with 
water were added. Extraction of the riboflavin was accomplished by vigorous 
shaking of the tube (9%). After centrifuging, 20¢.mm. of the benzyl alcohol layer were 
pipetted into 0.5 ml. of 45 per cent ethyl alcohol which was 0.1 N in acetic acid and 
0.1 N in sodium acetate. The riboflavin was measured as reducible fluorescence 
compared with an appropriate internal standard in the microfluorometer. The 
urine from human subjects was similarly analyzed on a macro scale with 4 ml. of 
urine plus 0.4 ml. of 3.25 mM buffer, I ml. of KMnO,, 0.1 ml. of H2O., 4 gm. 
of (NH4)2S0,, and 3 ml. of benzyl aleohol, of which 1 or 2 ml. were pipetted into 7 ml. 
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Comparison of Serum and Urinary Levels of Riboflavin in Man—Three 
human subjects restricted their riboflavin intake for 4 days to a level of 
about 0.4 mg. per day. The total riboflavin in the serum dropped only 8, 
16, and 25 per cent from the initial levels for the three subjects, whereas 
the urinary excretion (5 hour collection period) decreased to a fourth to a 
half of the initial rate® (Fig. 1). 

The morning of the Sth day, each person received 2 mg. of riboflavin with 
G00 mi. of water and a few crackers. Serum samples were colleeted from 
the finger after 30 minutes and both serum and urine samples were taken 
at hourly intervals thereafter. The greatest increase in serum riboflavin 
occurred at 30 minutes (24 to 75 per cent, Fig. 2). An abrupt decrease had 
alrendy occurred within an hour following the large dose. ‘Thereafter, the 
serum Jevels promptly returned to approximately initial values. The in- 
crease in urinary riboflavin output was relatively much greater (30- to 45- 
fold during the Ist hour) and more prolonged than the changes in the serum 
concentrations. ‘This greater stability of the serum riboflavin would, how- 
ever, be of diagnostic value only if the levels in the serum reflect the nu- 
tritional status as they seem to in the rat. Unpublished data on a few de- 
ficient subjects studied with Dr. L. Emmett Holt, Jr., suggest that the total 
riboflavin in man mav be too stable to be of value, but that the free serum 
riboflavin may prove useful as a measure of nutritional status. 


SUMMARY 


Methods are described for the measurement of (1) both free and total 
riboflavin in 5Q ¢.mm. of blood serum (25 ¢.mm. for total alone), (2) free 
riboflavin and flavin-mono- and dinucleotide as separate fractions in 0.2 
mi. of serum, (3) total riboflavin in 20 ¢.mm. of red cells or whole blood, and 
(4) total riboflavin in white cells and platelets from 0.1 ml. of blood. De- 
terminations show « standard deviation of O.OS y per cent on serum, Il 4 
per cent on white cells, and 1.3 y per cent on red cells. “Pwo analysts can 
pertorm 75 to 100 riboflavin analvses on serum in 2 davs, or twenty-five to 
50 on red and white cells. 

In thirteen adult human sera, from presumably adequately nourished 
subjects, the average free riboflavin plus FAMEN was OLS and the FAD 24 
y per cent; in the white cells and platelets and in the red cells of twelve ot 
these subjects, the average riboflavin content was 252 and 22.4 y per cent 
respectively. 

Data for the rat are reported on the relationship between the riboflavin 
in the diet and the riboflavin of the serum, red cells, white cells, and urine. 
of the 45 per cent aleohol buffer for measurement of the reducible fluorescence. The 


oxidation and extraction were designed to avoid interference from reducible fluores- 
cent substances which are oxidized or which are more water-soluble than riboflavin. 
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LETTERS TO THE EDITORS 


CONCERNING THRE MECHANISM OF THE MAMMALIAN 
CONVERSION OF TRYPTOPHAN INTO KYNURENINE, 
KYNURENTIO AND NICOTINIC ACTD* 


Nore 


The metabolic conversion of tryptophan (1) into kynurenine (ID),' 
kynurenic acid (111)? and mieotinic acid (1V)* (largely exereted as the 
amide of the N-methyl derivative!) has been demonstrated by feeding 
experiments in a number of mammals. ‘That kynurenine and 3-hydroxy- 
anthranilic acid are intermediates in the latter conversion has been dem- 
onstrated in Neurospora. 

We have synthesized® pi-tryptophan-3-C™ and are studying the mecha- 
nism of these conversions: 


* 
COCH,CHCOOH 
NH, NH. 
\NZ Vis 
NH, 
oL-Tryptophan (1) Kynurenine (ID) 
On 
COOH COOH 
N Yn 
COOH NH, | (TV) 
OH 


Kynureme acid (ID 


* This paper is based on work performed under contract No. W.7 105-eng iS with the 
\tomice Energy Commission in conneetion with the Radiation Laboratory, University 
of California, Berkeley 

Butenandt, Weidel, W Weichert, Ro, and von Derjugin, W., 2. physiol. 
Chem., 279, 27 (1945 

A., Z physiol, Chem., 43, 325 (1004 

Huff ana Perlzweig, W. \ Biol (hem 160, SUD 

‘ Hlundley, J. M., and Bond, HL. W., J. Biol. Chem., 173, 513 (1948). 

* Beadle, G. W., Mitchell, H. K., and Nyc, J. F., Proc. Nat. Acad. Sc., 38, 155 (1947). 

* Heidelberger, C., unpublished material. 
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The tryptophan was administered to rabbits, dogs, and rats, and from 
the urine kynurenine, kynurenic acid, and N-methvinicotinamide. ye. 
spectively, were isolated by the usual methods. 

The position of the label in kynurenine was proved by its conversion with 
alkaline hypoiodite to iodoform of correct specific activity. The position 
of the labeled carbon atom in the kynurenic acid was indicated by anothes 
series ot reactions, Which shows these CORVETSIONS OCCTIT tis 
above. 

After the carrier N-methyinicotinamide was added to the permutit eluate 
of rat urine already containing 115 y (determined fliorometrically). it was 
isolated as the pierate, and was completely devoid ot radioactivity. This 
proves, on the basis of the specific activities emploved, that less than HOW 
per cent of the micotinic acid produced from the tryptophan could have 
arisen by oxidation of a molecule such as kynurenie acid which already con 
tains a pyridine ring, because such a mechanism would result ino tagged 


nicotinic acid, 


partion nit of Che mistry and the (wantes 
Radiation Laboratory NIany bk. 
lniversity of California \onres Fay Monaas 
Department of Home Economics Lerkoveny 


and the Division of Poultry Husbandry 
tyricultural Experiment Station 
niversity of California 


Berkeley 


Received for publication, June 1, 1948 


THYMINE DESOXNYRIBOSIDE AS AN ESSENTIAL GROWTH 
FACTOR FOR LACTIC ACID BACTERIA* 


Nore: 
Recent findings of Shive ef al." that thymidine (or a closely related com- 
pound) was highly active in counteracting growth inhibition of Leuconostoc 


mesenteroides S203 by methylfolic acid in a medium which contained thy- 
mine suggested that conversion of thymine to thymidine might not occur 


he ntial Nature of Th ree Lhe ij! ihosicde Jul rlain Lactic Acid ria 


Turbidityt 
\dditions to basal medium’ 
Lactobacillus Laciobacillus Leuconostoc 
313) leachmannt 327 cilrovorum 
per 10 
Thymine desoxyriboside SY 
2 72 
4 74 o8 
57 oF 41 
47 37 
37 


* The medium contamed, per 10 ce., glucose 100 mg., sodium acetate 100 mg., 
sxdium citrate 100 mg, enzymatic casein digest 6 mg., acid-hydrolyzed casein 50 
mg... 30 30 me., MgsO,-7H,0 28 mg., MnsSO,-H.O 6 
FeSO, THO 1.7 mg., Tween SO 10 mg., oleic acid 0.1 mg., asparagine 1 mg., DL- 
tryptophan 1.0 mg., L-cystine 2 mg, p-amimmobenzoie acid | y, biotin 0.02 y, pteroy! 
glutamic acid O.1 y, niacin 10 y, calcium pantothenate, pyridoxal, pyridoxamine, and 
thiamine 2 y each, riboflavin 4 y, adenine, guanine, and uracil l0O y each. Aeid- 
hydrolyzed and enzymatically digested caseins were charcoal-treated preparations 

t Per cent of incident light transmitted, uninoculated medium = 100; incubation 
time, 2) to 24 hours at 37 No growth without thymidine occurred, even though 


incubation was continued for 3 dave 


in certain lactic acid bacteria, and that thymidine might therefore be es- 
sential for growth of some of these organisms in the absence of growth 


inhibitors. 


* Published with the approval of the Director of the Wisconsin Agricultural kx- 
periment Station. Supported in part by a grant from the United States Public 
Health Service. We are indebted to Dr. William Shive and Dr. Walter C. Schneider 
for samples of thymine desoxyriboside, and to Dr. Shive for information about his 


experiments in advance of their publication. 
'Shive, W., Eakin, R. E., Harding, W. M., Ravel, J. M., and Sutherland, J. L., 


J. Am. Chem. Soc., 70, 2299 (1948). 
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his compound was consequently tested for its ability to replace uni- 
dentified natural extracts required for growth of several lactic acid bacteria 
in media of known composition. From the table it is apparent that thy- 
mine desoxyriboside is an essential growth factor for several organisms of 
this group. Similar data show that it also permits growth of several 
strains of Lactobacillus acidophilus in a similar medium. Thymine is 
without activity for each of these organisms, and the medium contains an 
excess of folic acid. 

These data indicate a fairly wide-spread requirement for this compound 
among that group of lactic acid bacteria which have previously failed to 
grow in media of known composition. 


Department of Biochemistry Lemony bk. SNe 
University of Wisconsin 
Madison Waiter 3S. 


Received for publication, June 5, 1048 


THE ABILITY OF THYMIDINE TO REPLACE VITAMIN By AS A 
GROWTH FACTOR FOR CERTAIN LACTOBACILLI 


Sirs: 


Shive «fal. recently have reported the isolation from liver of a crystalline 
factor functionally related to folie acid. Preliminary investigation of the 
structure by Dr. Shive indicates that the compound is thymidine (thymine 
desoxyriboside), Dr. Shive has kindly furnished us with a sample of the 


Experiment No Material per tube assayed Turbidity 
I None 0 
Liver concentrate 80) 4 
160 20 
240 41 
400 104 
Thymidine 0.4 15 
0.8 43 
1.2 106 
2.0 130 
2 None 0 
Liver concentrate 16 29 
32 60 
98 
160 137 
Thymine 1 4 
2 1 
3 4 
5 
100 10 
{) 
300 ] 
500 5 


The medium was that of Wright and Skeggs*® modified by the addition of 1 y of 
biotin, 100 y of folie acid, 500 mg. of norit-treated tryptic digest of casein, 200 mg. of 
Tween SO, and 10 ml. of clarified tomato juice per 100 ml. of double strength medium. 


isolated factor tor microbiological study. We have found that for certain 
lactic acid bacteria thymidine is able to replace the requirement for vitamin 
By? ‘The data obtained with Lactobacillus lactis (ATCC 8000) are being 
reported together with our interpretation of these findings. 


'Shive, W., Eakin, RK. Harding, W. M., Ravel, J. M., and Sutherland, J. 
J. Am. Chem. Soc., 70, 2299 (1948). 

? Rickes, bk. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, k., 
Science, 107, 306 (1948). 

*Wright, L. D., and Skeggs, H. R., Proce. See. Exp. Biol. and Med., 66, 95 (1944). 
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The table demonstrates that growth comparable to that obtained with 
liver is observed in the presence of 0.4 to 2.0 y of thymidine per tube. 
Thymine is inactive under these conditions. Obviously, from the com- 
paratively large amounts of thymidine required for optimal growth of the 
organism, thymidine is not vitamin By. We interpret these data as 
indicating that vitamin By functions as a coenzyme in carrying out re- 
actions concerned with conversion of thymine to thymidine, since in the 
presence of thymidine the vitamin no longer is required by Lactobact/lus 
lactis. 

By analogy the microbiological evidence reported im this paper indicates 
that the primary biochemical defect in pernicious anemia may well be 
inability to synthesize certain nucleosides, particularly thymidine, from 
parent purines or pyrimidines. Thus it would appear that the curative 
effects observed in this disease with folic acid arise from increased thymine 
synthesis,* which by mass action effects yields more thymidine. The 
effectiveness of large amounts of thymine in pernicious anemia® similarly 
may be explained. 


Medical Research Division D. Wricut 
Sharp and Dohme, Inc. Herren R. Skeces 
Glenolden, Pennsylvania W. 


Received for publication, June 7, 1948 


‘Stokes, J. L., J. Bact., 47, 27 (1944). 
‘Spies, T. D., Vilter, C. F., Cline, J. K., and Frommeyer, W. B., Southern Med 
39, 269 (1946). 
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CoMMONW EALTH OF AUSTRALIA 
COUNCIL TOR SCIENTIFIC AND INDUSTRIAL RESEARCH 
Reprinted from Tue Jounnxat or Curuistry 
Vol. 175, pp. 477-478, August, 1945 


MYOSIN AND ADENYLPYROPHOSPHATASE IN INSECT 
MUSCLE* 


Sirs: 


In the course of an investigation on the adenylpyrophosphatase of insect 
muscle, preparations of myosin (thrice precipitated by the method of 
Bailev') were found to have a very low activity (0 to 360 y of phosphorus 
split off per mg. of protein nitrogen in 5 minutes at 37°). .An examination 
of the steps of the method revealed that a large part of the adenylpyro- 
phosphatase activity had been washed out of the myosin at the first pre- 
cipitation. 


Enzyme preparation Experiment No. Total protein N Activity 

Myosin (once pptd } 73.5 260 

2 54.0 360 

Supernatant from Ist pptn. (20 vol- 1 BR 49 190 
umes) 

(30 volumes 2 34.1 710 

Myosin (thrice pptd ] 13.8 

y 4 13.3 230 


In the method used, the thoraces and hind femora of grasshoppers were 
ground with 5 volumes of a salt solution containing KCI] (0.5 m) and 
NaliCoO, (0.08 ~). and extracted for | hour in the cold. The insoluble ma- 
terial was spun off, and the myosin precipitated from the extract by diluting 
with 20 to 30 volumes of cold water of pH] 7.0. After standing, the myosin 
was centrifuged down and dissolved in 0.05 mM veronal-HCl buffer, pH 8.0, 
containing 0.5 uM KCL Enzyme activity was tested against either rabbit 
or grasshopper ATP at pli 8.0, in the presence of excess substrate and 
My 

The distribution of adenylpyrophosphatase activity between the myosin 
and the supernatant solution is shown in the table. About 50 per cent 
of the total apyrase was washed from the myosin and remained in aqueous 
solution, the activity of the enzyme per mg. of nitrogen being consistently 
higher in the supernatant solution. Repeated precipitation of the myosin 


* The work described in this letter was carried out as part of the research program 
of the Division of heonomic h-ntomology of the Council for Scientific and Indus- 
trial Research, Australia 

'Railey Riechem J., 3%. 121 1942 
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reduced the residual adenylpyrophosphatase activity only slightly (see the 
table); in any experiment where there was a very marked reduction (e.g., 
after four precipitations) the possibility of inactivation of the enzyme could 
not be discounted. 

Similar results were obtained when myosin was precipitated by dialysis 
against 0.005 M veronal buffer (method of Singher and Meister*). By using 
this method it was possible to obtain concentrated aqueous solutions of 
the adenylpyrophosphatase. 

The lack of a firm union between adenylpyrophosphatase and myosin 
was confirmed by testing simple water extracts of muscle. [t was found 
that more than half of the total apyrase activity was present in the water 
extract, as compared with less than one-tenth of the total in rabbit muscle 
(Needham®). 

Further work on the purification of the adenylpyrophosphatase is in 
progress. Preparations so far obtained split both labile phosphates from the 
ATP molecule, and no evidence has been found that more than | enzyme 
is involved. (irasshopper muscle also contains an enzyme which hy- 
drolyzes sodium pyrophosphate. This may be separated from the adenyl- 
pyrophosphatase by ammonium sulfate fractionation. 

Council for Scientific and 1). GILMOUR 


Industrial Research 
Canherra, Australia 


Received for publication, June 11, 1948 


2 Singher, H. O., and Meister, A., J. Biol. Chem., 168, 491 (1945 
* Needham, D. M., Brochem. J., 36, 113 (1942) 


THE EFFECT OF 3-ITYDROXYANTHRANILIC ACID ON THE 
EXCRETION OF NIACIN BY THE RAT 


Sirs: 

Recent work by Mitchell and Nyc' on the synthesis of niacin by the 
mold Neurospora shows that this synthesis proceeds from tryptophan 
through kynurenine and 3-hydroxyanthranilic acid as intermediates. The 
role of tryptophan as a precursor of niacin in rats has been considered, for 
example, by Krehl ef al.2 but Ellinger and Abdel Kader*® concluded that 
this was a very unlikely pathway on chemical grounds. Rosen et al.* were 
unable to demonstrate an increase in end-products of niacin metabolism 


Average excretion, y per 


rat per day 
20-23 | Apr. 23-26 
Diet 
| Ne 
Methyl Methyl- 
Niacin nico- | Niacin | nico- 
, tma-  tina- 
| mide | | mide 
Basal® 5.8) 4.1 
‘+ 0.02 mg. niacin per — 12.0 | 44.4 | 14.0 | 34.9 
‘ + 1 mg. tryptophan per gm. y, 10.0 31.5 | 12.0 | 39.6 
+ 0.1 mg. 3-hydroxyanthranilic per gm. 2.9 2.0, 4.0, 7.5 
+ 1 mg. 3-hydroxyanthranilic per gm. 16.0 62.5 17.0 | 56.6 


* The basal diet consisted of approximately 91 per cent white corn-meal and 9 pe 
cent casein. The niacin content of the basal diet was 450 y per 100 gm., as shown 
by microbiological assay 


r 


after feeding kynurenine to rats, and Bonner® reported preliminary studies 
indicating that 3-hydroxvanthranilic acid would not replace niacin in rat 
growth. 

Mitchell and coworkers* have, however, concluded experiments demon- 
strating that the growth of rats on a commercial casein diet is greater when 
the diet is supplemented with 3-hydroxyanthranilic acid (1 mg. per +06 
gm. of diet) than when supplemented with tryptophan at the same level. 


' Mitchell, H. K., and Nyc, J. F., Proc. Nat. Acad. Sc., 3A, 1 (1948). 

?Krehl, W. A.. de la Huerga, J., and Elvehjem, C. A., J. Biol. Chem., 164, 551 
(1946). 

* Ellinger, l’., and Abdel Kader, M. M., Nature, 160, 675 (1947). 

* Rosen, F., Huff, J. W., and Perlzweig, W. A., J. Nutr., 33, 561 (1947). 

* Bonner, D., Proc. Nat. Acad. Sc., 3, 5 (1948). 

* Mitchell, H. K., Nye, J. F., and Owen, R. D., J. Biol. Chem., in press (1948). 
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Small amounts of hydroxvanthranilic acid, however, produced no growth 
response. 

The rats used for the growth experiments of Mitchell et al.* were made 
available to us for metabolism studies.’ The rats were continued on the 
experimental diets ad libitum, and urine was collected for two 72 hour 
periods. Urine samples from four rats in each group were pooled for 
analysis. Niacin was determined by microbiological assay (Hawk, Oser, 
and Summerson’) without hydrolysis, and N'-methyInicotinamide by the 
fluorometric method of Tuff and Perlzweig.2 The results are presented in 
the table. 

These results, taken in conjunction with the growth studies of Mitchell 
et al.,® indicate that 3-hydroxvanthranilie acid is capable of replacing 
tryptophan in the biosynthesis of niacin in the rat. In view of the fact 
that tryptophan, kynurenine, and 3-hydroxyanthranilic acid will support 
growth in various mutant strains of Neurospora, that tryptophan and 3- 
hydroxyanthranilic acid will replace niacin for growth in the rat, and that 
administration of tryptophan or 3-hydroxvanthranilic acid results in an 
increase in the excretion of niacin and its metabolites, there appears to be 
no reason to doubt that the synthesis of niacin in the rat proceeds from 
tryptophan through 3-hydroxyanthranilic acid as an intermediate. 


Department of Biochemistry and Nutrition W. 
University of Southern California BrapLey T. ScHEER 
School of Medicine Harry J. Dever, Jr 


Los Angeles 
Received for publication, June 21, 1948 


7 We are indebted to Dr. Mitchell, Dr. Nye, and Dr. Owen of the California In- 
stitute of Technology for supplying the diets and groups of rats, immediately fol- 
lowing the completion of their growth experiments. 

’ Hawk, IP. B., Oser, B. L., and Summerson, W. H., Practical physiological chemis- 
try, Philadelphia, 12th edition, 1095-1097 (1940). 

* Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 167, 157 (1947). 


A NEUROSPORA MUTANT DEFICLENT IN THE ENZYMATIC 
SYNTHESIS OF TRYPTOPHAN* 
Sirs: 

Until recently there has been no demonstrated case in Neurospora in 
which the loss of activity of an essential enzyme could be attributed to 
gene mutation. It has been assumed from indirect evidence! that gene 
mutations do cause such losses and thereby result in ‘“‘blocks”’ of essential 
biochemical reactions. ‘The products of the “blocked” reactions thus be- 
come essential growth substances for the mutants. The first suecess in 
obtaining direct evidence to support the above assumption has been at- 
tained by Wagner and CGuirard? in studies on the enzymatic synthesis of 
pantothenic acid by cell-free extracts of Neurospora. 


Enzymatic Synthesis of Tryptophan with 6 ML. of Crude Enzyme Containing 2.84 Mg. 
of Indole, 5.0 Mg. of vu-Serine, and 0.1 Mg. of Pyridoral Phosphate 
Total volume, 10 ml.; 5 hours reaction at 37°. 


Experiment No ae — Tryptophan produced | Indole converted 
me. per cens 
Wild type 6A 1.30 32 
U-S3 0.00 0 
10,575* 0.99 24 
2 Wild type 6A 2.50 62 
C-83 0.00 0 
39,410* 2.15 53 


* Tryptophan-requiring strains of a different genetic constitution from that of 
strain C-S3. 


Recently, as a result of the development of a method for selecting specific 
mutants,® a second example of a loss of enzyme activity as the result of a 
yene mutation has been discovered. A mutant was obtained that re- 
quired tryptophan for growth but could not utilize indole. Cell-free ex- 
tracts of this mutant (strain C-83) lack the ability to couple indole and 
serine to give tryptophan. As reported by Umbreit, Wood, and Gunsalus,* 


* This work was supported in part by a grant from the Rockefeller Foundation, and 
in part under contract with the Office of Naval Research, United States Navy 
Department. 

' Beadle, G. W., Physiol. Rev., 26, 643 (1946). 

? Private communication; in press. 

* Lein, J., Mitchell, H. K., and Houlahan, M. B., Proc. Nat. Acad. Sc., in press 
(1948). 

* Umbreit, W. W., Wood, W. A., and Gunsalus, 1. C., J. Biol. Chem., 165, 731 (1946). 
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the enzyme system capable of carrying out this reaction can be extracted 
from wild type Neurospora. Pyridoxal phosphate is required as a co- 
enzyme. 

In the present work, crude enzyme preparations have been made as 
described by the previous investigators.* The yield of tryptophan from 
the enzymatic reaction was determined by using mutant C-83 as an assay 
organism. This strain requires trvptophan for growth and is neither 
stimulated nor inhibited by indole, anthranilic acid, kynurenine, 3-hydroxy- 
anthranilic acid, or nicotinie acid.) Some of the data that have been 
obtained are summarized in the table. 

Although not included in the table, controls were carried out to show 
that the crude enzyme preparations did not contain an assayable quantity 
of tryptophan unless they were incubated in the presence of indole and 
serine. As shown in the table, a preparation from strain C-83 contained 
no tryptophan even when incubated in the presence of indole, serine, and 
pyridoxal phosphate. 

We are indebted to Dr. I. C. Gunsalus for the pyridoxal phosphate used. 


Kerckhoff Laboratories of Biology Herscuer K. MircH 
California Institute of Technology JosepH Lein® 
Pasadena 


Received for publication, June 23, 1948 


§ Mitchell, H. K., and Nyc, J. F., Proc. Nat. Acad. Sc., 34, 1 (1948). 
* Merck Fellow. 
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EVIDENCE FOR THE NATURAL OCCURRENCE OF 
a-AMINO-8 ,6-DIMETHYL-y-HY DROXYBUTYRIC 
ACID (PANTONINE) 


Sirs 


Pantonine, a-amino-g ,6-dimethyl-y-hydroxybutyric acid, has been pro- 
posed as a metabolic intermediate in the biosynthesis of pantoic acid. 
It has been demonstrated that this amino acid is biologically active in 
nullifying the toxic effect of salicylic acid on £’scherichia colt. 

In studies with the technique of paper chromatography, it was found 
that in several solvents the migration of synthetic pantonine closely fol- 
lowed that of a-aminobutyric acid. Since Polson,? using the same tech- 
nique, reported an unknown amino acid in acid-hydrolyzed L’scherichia coli 
cells with migration characteristics also similar to a-aminobutyric acid, 
an investigation was made to determine whether this hydrolysate would 
serve as a natural source of pantonine. 


Rp values in solvents 


Amino acids 


63 69 48 | 43 
pL-Pantonine _... 63 69 48 43 
pL-a-Aminobutyric. . 64 38 39 
Aminoisobutyric . 59 40) 37 


The capillary ascent modification® of the paper chromatographic tech- 
nique was used and the positions of the amino acids were indicated by 
developing a color with ninhydrin. The table contains the Rr values 
obtained for certain amino acids, including the unknown one with a number 
of solvents. The hydrolysate was prepared by allowing the bacterial cells 
to stand 4 days in 6 N hydrochlorie acid at room temperature. This 
hydrolysate was brought to dryness on a steam cone and freed of chloride 
ions with silver carbonate. “Phe concentrate was paper-chromatographed 
In isobutvric acid and that section of the chromatogram corresponding to 
pantonine was eluted with water to supply the material used in determining 
the migration of the unknown m collidine, lutidine, and phenol. 


Ackermann, W. W., and Shive, J. Brol. Chem., in press, 
7 Polson, A., Nature, 161, 351 (1948). 
3 Williams, R. J., and Kirby, H.. Science, 107, 481 (1948). 


ASS 


| 

| 


484 LETTERS TO THE EDITORS 


From the table it will be observed that, in 2,6-lutidine, a-aminobutyric 
acid and a-aminoisobutyric acid migrate more slowly than synthetic 
pantonine or the unknown material. The Ry values obtained for the un- 
known in isobutyric acid and phenol correspond to no known naturally 
occurring amino acid nor to norvaline or norleucine. In the four solvents 
tested, the Rr values of the unknown and synthetic pantonine are in agree- 
ment. 

These data indicate that acid-hydrolyzed Escherichia coli cells contain, 
as previously reported, at least one unknown amino acid; this acid is not 
a-aminobutyric acid but, in four solvents tested, behaves like pantonine. 

Asa result of these data an effort to isolate this material from acid hydrol- 
ysates of E’'scherichia col: cells has been undertaken with paper chromatog- 
raphy as an assay method. 


Biochemical Institute of The University of Texas W.W. AcKERMANN 
and the Clayton Foundation for Research 
Austin 


Received for publication, July 3, 1948 


| | 


THE NATURE OF BACITRACIN 


Sirs: 


It has proved feasible to study bacitracin by counter-current distribu- 
tion in sec-butanol-1.7 per cent aqueous acetic acid. Material from a 
commercial source,! assaying 46 u per mg., gave a major band (83 per cent 
of sample) and two smaller bands. Bioassay? of the fractions gave a single 
band superimposable on the major band shown by weight analysis. Hy- 
drolysis of the major band and subsequent paper chromatography revealed 
nine amino acids. 

The material in the major band could be recovered without loss of ac- 
tivity by lvophilization. A hygroscopic white powder (activity = 57 u 
per mg.) which had little or no optical activity was thereby obtained. 
Redistribution of this material gave only a single band. The polypeptide 
nature of the active principle is thus strongly indicated. 

In an experiment designed to permit isolation of some of the individual 
acids, 3 gm. of the crude material were hydrolyzed with 6 Mm HCl at 100° 
for 22.5 hours, evaporated, and the remaining halogen removed with silver 
acetate and the silver with HLS. After evaporation the mixed free amino 
acids were studied by counter-current distribution in a 54 tube apparatus 
with the svstem see-butanol-30 per cent aqueous ammonium acetate con- 
taining about 7 percent ammonia. With the single withdrawal technique? 
and 300 transfers, five bands appeared in the withdrawn section of the 
eurve. The first band emerging was a erystalline dipeptide with little or 
no optical activity, but which contained phenylalanine and isoleucine. 

CisH2OsNo. Calculated. C 64.72, 1 7.96, N 10.06 
Found. * ° 
Van Slyke NH», caleulated, 5.04; found, 5.05 


The next band was a peptide which apparently contained phenylalanine 
and ornithine. The third band proved to be racemic phenylalanine. 
Leucine, [a]? = —6° (C = 1.0 in HO), +14° (C = 0.66 in 13 per cent 
HCl) was isolated from the fourth band. Isoleucine, [a]?8 = +4° (C = 
1.35 in H,O), +18° (C = 0.9 in 13 per cent HCl) was isolated from the fifth 
hand. The material not as yet withdrawn from the apparatus contained 
mixtures of the other amino acids. 

It would appear that at least part of the amino acids of bacitracin are 


‘Sample kindly supplied by the Commercial Solvents Corporation, Terre Haute, 
Indiana, 

2 We are indebted to Dr. R. E. Bennett and Mr. G. H. Craig of the Commercial 
Solvents Corporation for the bioassays. | 

§Craig, L. C., J. Biol. Chem., 166, 519 (1944). 
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of the unnatural configuration, but the possibility of partial racemization 
during hydrolysis cannot be excluded. 

Preliminary amino acid analyses by the starch column technique’ have 
been kindly carried out by Dr. Moore and Dr. Stein on purified material. 
After refluxing for 18 hours with 6 m HCI, there was evidence for the pres- 
ence of a few per cent of the material still in peptide form. ‘The following 
approximate composition in terms of gm. of amino acid per 100 gm. of 
bacitracin was found; phenylalanine 11, leucine 9, isoleucine 22, glutamic 
acid 10, aspartic acid 17, lysine 9, histidine 10, cystine (from the total] 
sulfur) 14, and ammonia 1.5. An additional component was found to 
move on the column at the same rate as cystine. ‘Two amino acids known 
to move at this rate are ornithine and hydroxylysine. The chromatograms 
have demonstrated that, within the sensitivity of the method (0.1 per cent), 
the following amino acids are absent; methionine, valine, threonine, serine, 
proline, and arginine. 


The Rockefeller Institute Guy T. Barry 
for Medical Research J, DELAFIELD GREGORY 
New York LyMAN C. CraicG 
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‘Stein, W. H., and Moore, 8., J. Biol. Chem., in press. Moore, 8., and Stein’ 
W.H., Ann. New York Acad. Sc., 49, 265 (1948). Stein, W.H.,and Moore, 8., Federa- 
tion Proc., 7, 192 (1948). 
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REVERSIBLE INACTIVATION OF ALKALINE 
KIDNEY PHOSPHATASE 


Sirs: 


Albers et al.! postulated the existence of a prosthetic group of phospha- 
tases and supplied experimental data to show that the dissociation of the 
holoenzyme into coenzyme and apoenzyme was dependent on the pH of its 
solutions. Albers? inactivated alkaline kidney phosphatase by dialysis 
and observed partial reactivation on addition of dialysate to the incubation 
mixture. He concluded that phosphatase contains a dialyzable prosthetic 
group. Von Euler and Hahn* interpreted the partial reactivation of in- 
testinal phosphatase (inactivated by dialysis at pH 4.5) by the addition of 
boiled enzyme as proof for the existence of a dialyzable organic cophos- 
phatase. Roche et al.4 found that incubation with amino acids in alkaline 
solution reactivated dialyzed intestinal phosphatase. 

Experiments carried out in this laboratory revealed that mere incubation 
with alkaline buffer (pH 9.5) was considerably more effective in reactivating 
dialyzed alkaline kidney phosphatase than was the addition of dialysate. 
Furthermore, no significant difference in the rate of inactivation was ob- 
served, whether phosphatase in slightly acid solution was dialyzed or merely 
stored at 4°. The effectiveness of dialysate to restore activity decreased 
during the course of dialysis. This was not due to a chemical change of the 
dialysate but to a diminishing response of the protein, as was seen by com- 
paring the effect of fresh and aged dialysates on phosphatases at various 
stages of dialysis. 

Our observations do not support the theory of the existence of a dialyz- 
able cophosphatase. Dialysis probably removed activators and not a 
prosthetic group. Denaturation of protein may be mainly responsible for 
the inactivation of alkaline kidney phosphatase during dialysis. <A partial 


' Albers, H., Beyer, E., Bohnenkamp, A., and Miller, G., Ber. chem. ges., 71, 
1913 (1938). 

2 Albers, D., Z. physiol. Chem., 261, 43, 269 (1939). 

? von Euler, H., and Hahn, L., Experientia, 3, 412 (1947). 

‘Roche, J., van Thoai, N., and Roger, M., Compt. rend. Soc. biol., 188, 653 (1944). 
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